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Two pseudo-time-dependent chemical models have been utilised – one of a dark cloud,
and one of a hot core – in order to model these clouds in low metallicity environments,
such as other galaxies. The dark cloud model uses gas-phase chemistry, whereas the
hot core model includes both gas-phase and surface chemistry. The simulations have
been calculated with varying initial elemental abundances of C, O, N, S and the heavy
metals Fe, Mg and Na (henceforth, M). These initial abundances are taken from ob-
servations of HII regions in the Galaxy, the Large Magellanic Cloud and the Small
Magellanic Cloud. The results have been used to identify species which potentially
trace the underlying metallicity in dark clouds and hot cores. In the dark cloud mod-
els, the most useful tracers are ratios of two species, notably CO/OH and HCO+/CO,
which trace the underlying C and M abundances respectively. In the hot core models,
the most useful metallicity tracer species are HNC and NH3. The HNC abundance
traces an underlying change in metallicity, independent of any changes to the dust/gas
ratio. The NH3 abundance traces the underlying N abundance.
The hot core model output abundances were used with RATRAN, a non-LTE radiative
transfer code, to predict the integrated intensity as a function of hot core radius for
various species. The RATRAN results are more directly comparable with observations
than the results from the chemical models. Less common isotopes have been used to
limit the optical depth of the species modelled. The results show that the extent of the
emission may not reflect the size of the hot core. HN13C and NH3 are confirmed as the
most useful metallicity tracer species in hot cores.
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1Introduction
1.1 Star Formation
Low-mass star formation is a reasonably well understood process. A cold, dark cloud
of gas and dust collapses to form a low mass star. Figure 1.1 shows the key stages of
this process. Figure 1.1 also shows what are thought to be the key stages in high mass
and massive cluster star formation. The exact processes which occur in these types
of star formation are unclear, as the formation of high-mass stars and massive clusters
is not well understood. Newly-formed massive stars are shrouded in giant molecular
clouds of gas and dust, and cannot be observed directly until this gas has been blown
away by stellar winds.
Two stages of the star formation process are modelled in this thesis. Dark clouds, in
which low mass stars form, and hot cores, which surround massive protostars. These
regions are discussed in more detail in Sections 1.1.1 and 1.1.2 respectively.
1.1.1 Dark Clouds
Dark clouds mostly consist of gas-phase molecular hydrogen. They have a high density
(e.g. n(H2)=105 cm−3 – Hirota et al. 2003), a low temperature (e.g. 10K – Dickens et al.
2000) and a reasonably high visual extinction (e.g. 15 magnitudes in the cloud centre –
NADYA KUNAWICZ 27
1: INTRODUCTION
Figure 1.1: A diagram showing the suggested key stages in low mass, high mass and specula-
tions about massive cluster star formation. This figure was taken from Kobulnicky & Johnson
(2000).
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Alves et al. 1999) which prevents photoreactions occurring within the region on a large
scale. Dark clouds contain small quantities of elements heavier than hydrogen, such
as helium, oxygen, carbon, nitrogen and sulphur (Caselli, 2005). These elements react
with the hydrogen and with each other, to form various molecules, ions and radicals.
It should also be noted that dark clouds contain dust grains, which are important in a
number of ways. They provide shielding from UV photons for the chemical species in
the cloud. They are a catalyst and formation site for some reactions, most notably the
formation of H2 molecules from atomic H. The scope of this thesis does not include
the composition or formation of dust grains - they are regarded as simple surfaces
on which reactions can occur. The low temperatures typical in a dark cloud also see
the deposition of some species onto the dust grains, known as ‘freezing out’. The
species which freeze out are able to form a mantle on a dust grain - basically a layer of
solid material is precipitated from the gas phase onto the grain. Dark clouds undergo
gravitational collapse, resulting in the formation of low mass stars.
1.1.2 Hot Cores
Giant molecular clouds are similar in composition to a dark cloud, but they are much
larger, with typical masses >104M (Brandner et al. 2008; Dowell et al. 2008). Hot
cores typically have H2 densities >107 cm−3 and gas temperatures >100K (Caselli,
2005). Hot cores are thought to form when a very dense clump within a giant molecular
cloud collapses to form a massive protostar. A hot core is a spherical shell of gas which
surrounds a newly formed massive star. In this thesis, a hot core is defined to have an
inner radius of 1.31x10−3 pc from the protostar, and an outer radius of 1.12x10−1 pc.
Hot cores have a temperature gradient, as the central protostar heats up the hot core
from the inner regions outwards. The cloud collapse which forms the star results in
a density gradient, where the inner hot core regions are more dense than the outer
regions. The visual extinction in a hot core changes with the density, and is typically
hundreds of magnitudes in the inner regions (Millar et al., 1997b). As hot cores form
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from giant molecular clouds, they have a similar underlying chemical composition to
dark clouds. Thus, hot cores are predominantly made up of molecular hydrogen with
trace abundances of heavier elements. Hot cores have a more complex chemistry than
dark clouds, as the higher temperatures sublimate the dust grain mantle species. A rich
chemistry evolves on the dust grain surfaces, and when the grain species are desorbed,
this chemistry is transferred to the gas phase, where it can be observed (van der Tak,
2004). Greater quantities of small, saturated species (e.g. NH3) and complex species
(e.g. CH3CCH) are observed in hot cores than in dark clouds (Millar et al., 1997b).
1.1.3 Star Formation at Low Metallicity
In astrophysical terms, a metal is any element heavier than helium. In this thesis, the
term ‘metallicity’ is used to describe the underlying elemental abundance of metals
(specifically oxygen, carbon, nitrogen, sulphur, and the heavy metals: Mg, Fe and Na)
within a region. Some authors define metallicity as the underlying fractional abund-
ance of iron, [Fe/H], in a region. However, that definition does not apply to the work
in this thesis.
The metallicity of a region can be used to examine how evolved that region is, in terms
of cosmological timescales. When star formation began, in the early universe, the pro-
portion of metals was virtually non-existent. Over billions of years, repeated cycles of
star formation slowly enriched galaxies with metallic elements, which were formed in
stars. New facilities, such as ALMA, will enable the observation of star-forming re-
gions within high-redshift galaxies at an unprecedented level of detail. The aim of this
thesis is to model such regions of low metallicity, in order that the model results can
be compared with ALMA observations in the near future. The desired outcome is an
increased understanding of star formation over cosmological time scales. Star-forming
regions in the Large and Small Magellanic Clouds have been modelled as part of this
thesis, as these dwarf galaxies provide observable examples of what star formation in
a low metallicity galaxy may look like.
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1.2 Chemical Modelling of Star-Forming Regions
1.2.1 Chemical Models of Dark Clouds
Computational models of the chemistry which occurs within a dark cloud were first
built during the 1970s (e.g. Herbst & Klemperer 1973, Allen & Robinson 1977).
Dark cloud models can be split into two types: steady state models and pseudo-time-
dependent models. Figure 1.2 shows the chemical evolution of a typical species, and
how it can be divided into ‘early time’ and ‘steady state’.
The first models built were steady state models. These models are used to look at the
end point of a dark cloud’s chemical evolution - when the reactions have reached equi-
librium and no changes in the concentrations of the various species occur. Steady state
models are created by assuming the formation and destruction rates of all species are
equal (e.g. Herbst & Klemperer 1973, Watt 1985).
Time dependent models are used to look at the evolution of a dark cloud during both
early time and steady state. These models are created using differential equations to
calculate the changing formation and destruction rates of all the species in the model,
with respect to time (e.g. Herbst & Leung 1986, Millar & Nejad 1985). The model is
based around a network of the (important) reactions which take place within a typical
molecular cloud. An example of such a reaction network can be seen in Figure 1.3.
Elemental abundances, reaction rates, and other physical parameters (e.g. temperature,
density, cosmic ray ionisation rate) are entered into the model, to simulate the condi-
tions of a dark cloud. Results can be produced for the abundances of all species at
each time step looked at by the model. It should be noted that pseudo-time-dependent
models are an approximation to truly time dependent models. The physical conditions
under which the chemistry evolves in these models are held constant - in reality, it
is likely these conditions would change with time (Millar et al. 1987, Wakelam et al.
2006).
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Figure 1.2: This graph demonstrates the concept of early time (up to approximately 106 years)
and steady state (from 106 years onwards) chemistry. At early time, the graph shows a changing
abundance of CO. At steady state the graph shows a constant amount of CO, as the cloud has
reached a chemical equilibrium. The results shown are taken from a dark cloud model used in
this thesis.
Steady State Models
The chemical modelling of a dense cloud was first attempted by Herbst & Klemperer
(1973). Gas-phase reactions were considered the most important to the evolution of
the cloud, as it was believed that grain surface chemistry would be subject to com-
paratively slow rates of reaction, which would only lead to negligible effects on the
final concentrations of species. The exception to this was the reaction which forms H2
from atomic hydrogen, which was assumed to take place on dust grains. The Herbst &
Klemperer (1973) model was used to produce steady state abundances for polyatomic
molecules, which could then be compared with observations in order to test the accur-
acy of the model.
It was assumed that the reaction networks in dense clouds begin with a cosmic ray
ionisation of either H2 of He. Other assumptions included:
• All neutral hydrogen was in the form of H2, and almost all carbon was in the
form of the CO molecule
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Figure 1.3: A reaction network for a dark, molecular cloud. Note that this is a simplified
network, so all heavy metals (e.g. Mg, Na, Ca and Fe) are denoted as M. This figure was taken
from Oppenheimer & Dalgarno (1974).
• The high density of the clouds led to a high visual extinction, which prevented
photoreactions occurring within the clouds
• All reactions involved a maximum of two bodies, due to the low cloud density
precluding reactions with more than two bodies
• The low temperatures (10K<T<50K) meant that only exothermic reactions were
energetically feasible
• Exothermic reactions with an activation barrier were not permitted, as the low
temperatures would not supply the energy needed to start the reaction
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The Herbst & Klemperer (1973) model was a steady state model, which greatly sim-
plified the numerical analysis of the differential equations used to calculate the species
abundances. At steady state, the rate of formation of a species is equal to the rate of
destruction of the same species. The authors noted that the steady state assumption
only produces valid results if the time taken for the chemistry to reach equilibrium
is shorter than the cloud lifetime. The authors calculated a steady state timescale for
various species, and found that the cloud lifetime/collapse time was at least an order of
magnitude longer than the time taken to achieve steady state. It was surmised that the
model produced valid results. Comparison with observations from dark clouds and HII
regions showed that the model results provided a reasonable estimate for the observed
results.
The Herbst & Klemperer (1973) paper provided an excellent basis for much of the
work which has been done today in the area of dark cloud chemical models. How-
ever, there are a number of aspects of the model which are now seen to be outdated
in light of new observations, experimental evidence, and theoretical calculations. One
example of this is the production of the NH4+ ion, via Reaction 1.1.
NH+3 + H2 → NH+4 + H (1.1)
This reaction was thought to have such a low reaction rate that it could be considered
negligible. In more recent models (e.g. Langer & Graedel 1989) it has been accepted
that the rate of reaction for equation 1.1 increases as temperature decreases, and that it
is key in the production of molecular NH3. Herbst & Klemperer (1973) assumed that
the role of dust grains in the cloud was limited to acting as a catalyst for the production
of H2 molecules from atomic hydrogen, as well as providing shielding from external
photons which would affect the overall chemistry of the cloud. However, it has more
recently been accepted that dust grains play a more central role in the cloud chemistry
(e.g. Allen & Robinson 1977; Hasegawa et al. 1992; Shalabiea 2001). It was also
stated by Herbst & Klemperer (1973) that, “The species CH+ is an unimportant species
in dense clouds; thus, its reactions will not affect our present results.” A number of
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authors (e.g. Watt 1985) have since disagreed with this assertion.
Watt (1985) used extremely similar assumptions to Herbst & Klemperer (1973), in
order to create a dense cloud chemical model. This was used to investigate the effect of
varying the initial C/O ratio on the steady state abundances of the species considered.
The initial abundances used in the model were obtained from solar observations. A
restricted reaction network was considered, as this greatly reduced the model run time.
A range of C/O ratios from 0.1 to 2 were considered. In order to determine the ratios,
the atomic carbon abundance was maintained at the solar value and the C/O ratio was
thus obtained by varying the oxygen abundance. Watt (1985) noted that for C/O<1
(an oxygen-rich environment), almost all of the C was tied up in CO. The excess O
abundance led to the production of such species as O2, OH and H2O. This result was
reproduced by Millar & Herbst (1990) in their attempt to model dark clouds within
the Large and Small Magellanic Clouds. Watt (1985) also showed that for C/O>1 (a
carbon rich environment), the excess of C atoms resulted in CHn species being formed.
Watt (1985) used the CH+ ion in the chemical network as a pathway to form carbon
hydrides, such as CH, CH2, CH3 and CH4. These carbon-chain reactions were crucial
to the steady state abundances produced in the Watt (1985) model.
Pseudo-Time-Dependent Models
Herbst & Leung (1986) used a pseudo-time-dependent model of a dense cloud to in-
vestigate a number of different scenarios in which such a cloud could exist, in order to
examine the varying chemistries which could evolve under these different conditions.
The scenarios were:
1. Model 1: This model was based on a dense cloud model from a previous pa-
per (Leung et al., 1984) - with updated rate coefficients taken from laboratory
measurements. The following models were all based on this model.
2. Model 2: This model had a lowered visual extinction, which allowed some
NADYA KUNAWICZ 35
1: INTRODUCTION
photoreactions to occur within the cloud.
3. Model 3: This model had an increased temperature - from 10K up to 50K. This
affected some of the reaction-rate coefficients, which were inversely proportional
to temperature. The temperature increase caused the reaction rates to decrease.
4. Model 4: This model was carbon rich (e.g. C/O>1)
5. Model 5: This model had conditions which were somewhere between those of a
diffuse cloud and a dense cloud. Compared with model 1, this included a lower
density, a higher temperature, and a much-reduced visual extinction.
The results obtained from these models were intended to shed light on the various
ways in which the initial physical/chemical conditions of a cloud can affect the res-
ulting chemistry, at both early time and steady state. The steady state abundances of
complex molecules were of particular interest to the authors, as previous models had
failed to reproduce observations of these complex molecules. The abundances pro-
duced by the model of Leung et al. (1984) were much too small when compared with
the observed abundances. The effect of the changes made to model 1, compared with
the model from Leung et al. (1984), was that the steady state abundances of some
complex molecules were increased by an order of magnitude. Overall however, the
changes in reaction rate coefficients did not have a major affect on the results of the
model compared with Leung et al. (1984).
The effects of the lowered visual extinction on the dense cloud chemistry in model
2 were seen to be fairly small. It was noted that the photodestruction of CO led to
an increase in the amount of atomic C. This in turn led to an increased abundance of
complex molecules at steady state. Conversely, it was found that there was a decreased
abundance of complex molecules at early time, as photoreactions destroyed many of
the larger molecules at this stage.
The increased temperature in model 3 caused the reaction rate coefficients to decrease.
This, perhaps unsurprisingly, caused the abundances of complex molecules to decrease
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both at early time and steady state, often by about an order of magnitude. When com-
pared with observations of an appropriate region (e.g. a dense cloud at approximately
50K), the results from this model were more accurate than those from model 1.
The high C/O ratio in model 4 led to a large increase in the abundance of hydrocarbons
- similar to that seen by Watt (1985). Herbst & Leung (1986) produced model results
for both early time and steady state, unlike Watt (1985). Herbst & Leung (1986) found
that the increased abundance of hydrocarbons was found at early time as well as steady
state. When compared with observations from dense clouds, it was noted that for some
complex molecules, the steady state abundances produced by the model were far too
high.
Model 5, which was a borderline diffuse/dense cloud, produced a significantly reduced
abundance of complex molecules, as the increased rate of photoreactions destroyed
many molecules and their precursors. Those complex molecules which did form were
often seen to be bare hydrocarbons, such as C3 and C4.
Millar & Nejad (1985) also created a time-dependent model of a dark cloud, in or-
der to examine the formation of complex molecules. The authors argued that steady
state models of dense clouds were less useful than time dependent models such as their
own, as observed results of C+ could not be recreated by steady state models, and these
models also did not take dust grain sticking processes into account. It was also noted
that the evolution of the cloud chemistry with time could not be followed in a steady
state model. One of the reactions Millar & Nejad (1985) considered most important in
their model was:
C + H+3 → CH+ + H2 (1.2)
They concluded that this reaction was vital in the formation route for the hydrocarbon
species. This is in contrast to Herbst & Klemperer (1973), who argued that the reac-
tions of CH+ would not affect the results from their model. Millar & Nejad (1985)
noted that when reacting efficiently, reaction 1.2 would lead to the production of meth-
ane, via a number of H2 abstractions. This methane could then go to on to react with
C+ to form more complex hydrocarbons.
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Millar & Nejad (1985) simplified the process of building a chemical model, by devel-
oping, “a computer code which writes the time-dependent chemical kinetic equations
on the input of a set of chemical reactions and their rate coefficents”. This type of code
made building and altering existing chemical models a great deal faster and easier.
The assumptions used by Millar & Nejad (1985) were similar to those used by Herbst
& Klemperer (1973) – however, a notable difference was that Millar & Nejad (1985)
assumed the initial abundance of carbon was split evenly between C and C+.
Millar & Nejad (1985) found that atomic carbon has a high fractional abundance at
early time, but a sharp downturn at around 4×105 years, when most of the carbon is
locked up in the CO molecule. This reduced the rate of production of hydrocarbons, as
carbon is involved in the reaction (1.2) which drives this production. The production
of complex molecules containing oxygen also decreased, as these were formed via re-
actions between hydrocarbon ions (produced initially from C atoms) and oxygen. At
early time, atomic nitrogen was also highly abundant, which lead to its inclusion in
complex molecules. After approximately 106 years, most of the atomic nitrogen was
converted into N2 molecules via reactions between neutrals. Coupled with the decrease
in hydrocarbon ions, this lead to a reduction in the amount of nitrogen-bearing com-
plex molecules at steady state.
Millar & Nejad (1985) also looked at the effects of including accretion of gas onto
the dust grains in a cloud. It was found that all the species which were able to con-
dense onto the dust grains were removed from the gas phase in around 106 yr. This
calculation did not take into account any possible processes for returning the accreted
matter to the gas phase. The authors noted that as observed dark clouds were shown
to contain these species in the gas phase, there must be one or more methods which
evaporate these species from the grains. It was postulated that the removal mechanism
is unlikely to be shocks - however, there was some opposition to this view, e.g. Willi-
ams & Hartquist (1984). Millar & Nejad (1985) thought the species may be returned
to the gas phase from the grain surfaces via either exothermic chemical reactions on
the surfaces, or heating caused by cosmic rays.
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Models have been seen to produce extremely different results, even when the mathem-
atics and algorithm used in the models are the same. Millar et al. (1987) produced a
paper which investigated the differences in results taken from two dark cloud models
discussed above - Herbst & Leung (1986) (henceforth HL), and Millar & Nejad (1985)
(henceforth MN). The two models were both aiming to produce fractional abundances
of complex molecules which could be reconciled with observation. Neither of the
models were able to do this successfully, and the results they produced also did not
agree with one another. The HL model results compared more favourably with obser-
vations than the MN results at early time. Conversely, at steady state, the MN results
were much closer to the observed abundances than the HL results were. A bridging
analysis was undertaken to try and find the source(s) of the differing results. A num-
ber of reactions relating to complex species were added to the MN model, which was
initially based on a smaller chemical network than the HL model. After the reactions
were added to the model, the results produced by both models were extremely similar.
It was found that the abundances of complex molecules were most strongly depend-
ent on the choice of included reactions in which atomic oxygen was a reactant. The
abundances of these complex molecules were also dependent on the branching ratios
used in the dissociative recombination calculations for complex species. Millar et al.
(1987) also found that carbon chain growth efficiency in dense clouds was effective at
early time. However, at steady state it was found to be inefficient unless atomic oxygen
was unreactive with carbon chain molecules.
Hasegawa et al. (1992) modelled a dark cloud with both gas-phase and grain-surface
chemistry, in an attempt to match observed abundances of complex organic molecules.
The authors considered physisorption1 as the only adsorption1 process, and the probab-
ility of a neutral species adsorbing to a grain upon collision was assumed to be 1. Grain
surface species were able to traverse the grain surface, via thermal hopping1. Light
species such as H and H2 were able to diffuse across the grain surface via quantum
1These processes are defined in Section 2.2.2
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tunnelling2. Several models were run, each with constant temperature (10K), dens-
ity (2×104 cm−3) and visual extinction (500 mag). The models had different initial
gas-phase compositions, as follows:
1. Model A – Molecular hydrogen. Steady state molecular abundances of O, C, S
and Si taken from Herbst & Leung (1989). Steady state heavy metal abundances
2. Model B – Atomic hydrogen. Neutral atomic O, C, S, Si and heavy metals
3. Model C – Molecular hydrogen. Neutral oxygen. Singly ionised C, S, Si and
heavy metals
4. Model D – Identical to model C, except for exclusion of the surface reaction:
CO + O→ CO2
The only mechanism for returning the species which formed on the grains back
into the gas-phase was thermal desorption2. This resulted in all neutral heavy species
eventually accreting onto the grains, as the dark cloud model assumed a temperature
of 10K. Complex molecules, such as CH3OH and C4H2, were able to efficiently form
on grain surfaces rather than in the gas-phase. The model which best matched dark
cloud observations was model D, at early time (∼3×105 years). The authors planned
to refine their calculations to try and better match observations.
Hasegawa & Herbst (1993a) attempted to improve the gas-grain dark cloud chemical
modelling of Hasegawa et al. (1992) by considering cosmic-ray induced desorption.
Hasegawa & Herbst (1993a) assumed that a cosmic-ray impact would heat a dust grain,
and lead to thermal desorption of grain surface species. The authors also augmented
the reaction rates and reaction networks. It was found that the formation of complex
unsaturated species was more likely to occur in the gas-phase than on the grain sur-
faces. This was because quantum tunnelling of H and H2 led to hydrogen-addition onto
unsaturated grain-surface species. The addition of cosmic-ray induced desorption did
not prevent the majority of the gas-phase species accreting onto the grain surfaces by
2These processes are defined in Section 2.2.2
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later times (e.g. t>108 years). The best agreement between the models and observa-
tions was found to be at early times.
Hasegawa & Herbst (1993b) created a three-phase chemical model of a dark cloud.
The three phases were: the gas phase, dust grain surfaces, and dust grain mantles. The
grain mantles were layers of species which had accreted onto the dust grains. As more
gas-phase species accreted on top of the already accreted species, a distinction was
made between the two. The grain surface phase was defined to be the top layer of spe-
cies. These species are mobile, reactive, and can desorb from the grain surface. The
grain mantle phase was defined to consist of those species which have already been
accreted, and remain under the top layer of the grain surface. These mantle species
are immobile and unreactive. Hasegawa & Herbst (1993b) found that the model res-
ults did not differ greatly from those of their previous models (Hasegawa et al. 1992;
Hasegawa & Herbst 1993b), particularly for inert species. The model results allowed
the authors to obtain molecular abundances to represent the composition of the layers
which built up at different times.
Fractional Ionisation and Reduced Chemical Networks
The fractional ionisation of a cloud can be described by the number density of charged
particles as a proportion of the total number density of particles in the cloud (Oppen-
heimer & Dalgarno, 1974). This can be estimated from the number density of electrons
divided by the number of hydrogen nuclei in a molecular cloud:
xe =
n(e)
2n(H2) + n(H) (1.3)
where xe is the fractional ionisation, n(e) is the number density of electrons, n(H2) is
the number density of molecular hydrogen and n(H) is the number density of atomic
hydrogen. The range of values taken by xe are between 0 and 1. A value of 0 describes
a neutral cloud, and a value of 1 describes an ionised cloud. Oppenheimer & Dalgarno
(1974) wrote that the fractional ionisation is an important parameter in a dark cloud, as
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it determines, “the coupling of the cloud to the galactic magnetic field”. This controls
the ambipolar diffusion time of the cloud, and when, or if, a star will form. If the cloud
is strongly coupled to the magnetic field then collapse may be slowed down or preven-
ted. Therefore, a low fractional ionisation is more likely to lead to star formation in a
cloud, whereas a high fractional ionisation is likely to slow down or stop this process.
Much work has been done to estimate the fractional ionisation in dark clouds (e.g. Op-
penheimer & Dalgarno 1974; Elmegreen 1979; Caselli et al. 1998; Rae et al. 2002).
Rae et al. (2002), produced a reduced chemical network (similar in principle to Figure
1.3) in order to accurately estimate the fractional ionisation in a molecular cloud. It was
argued that using a reduced network resulted in a great reduction in calculation time
(the reduced network was over sixty times faster to calculate) which was worth some
loss of accuracy. The results produced by the model were seen to be in good agreement
with those produced by a model using a full reaction network. Wiebe et al. (2003) also
produced a reduced chemical network for a molecular cloud, and used it to analyse the
abundance of CO as well as the fractional ionisation of a cloud. A gas phase model and
a gas-grain model were used to test the network reduction method devised by Wiebe
et al. (2003). The results produced for the fractional ionisation estimate compared
reasonably well with results from models using a full reaction network. The reduced-
network gas-phase model produced a fractional ionisation estimate which differed by
less than 10% compared with a full-network gas-phase model. The CO estimate pro-
duced by the reduced-network model differed by around 15%. The reduced-network
gas-phase model ran 10–20 times faster than the full-network gas-phase model. The
reduced-network gas-grain model gave a fractional ionisation estimate which differed
from the full-network gas-grain model results by 10% at early time, and 30% at steady
state. The CO estimate produced by the reduced-network gas-grain model differed
by 10%. The reduced-network gas-grain model ran 3–16 times faster than the full-
network gas-grain model.
It will be interesting to see the effect of technological advances on this type of calcu-
lation. In the future, it is likely that greatly improved computer processing speeds will
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Model O C N O/C O-C
MH G 3.52(-4) 1.46(-4) 4.28(-5) 2.4 2.06(-4)
MH L1 4.80(-4) 1.58(-4) 1.74(-5) 3.0 3.22(-4)
MH L2 1.25(-4) 3.08(-5) 3.24(-6) 4.1 9.42(-5)
MH S1 2.20(-4) 2.80(-5) 8.00(-6) 7.9 1.92(-4)
MH S2 5.72(-5) 5.46(-6) 1.49(-6) 10.5 5.67(-5)
Table 1.1: Initial fractional elemental abundances used in the MH models. All abundances
are given relative to H2. Note: a(-b) refers to a × 10−b.
lead to this type of chemical network reduction becoming unnecessary.
Dark Cloud Chemical Modelling of The Magellanic Clouds
Millar & Herbst (1990) used a pseudo-time-dependent model previously developed to
model galactic dark clouds, to try and model dark cloud chemistry in external galax-
ies. Observed chemical abundances from the Large Magellanic Cloud and the Small
Magellanic Cloud (henceforth LMC and SMC) were used as model inputs. The in-
puts used were fractional elemental abundances for carbon, oxygen and nitrogen. The
observations were taken from HII regions, rather than dark clouds (Bel et al., 1986).
For this reason, two types of models were developed. The original HII region abund-
ances were used in models L1 and S1, for the LMC and the SMC respectively. These
abundances were then depleted according to factors previously calculated by the au-
thors, while developing their dark cloud models (e.g. Millar et al. 1987; Millar et al.
1988). The depleted abundances were used in the models L2 and S2. Results were
also produced using standard Galactic abundances, which were also depleted by the
aforementioned factors. The results from the Galactic model were used as a base point
from which the LMC and SMC results could be compared. The elemental abundance
model inputs used in all five models are shown in Table 1.1. The five different models
produced different final abundances for a variety of species – as would be expected
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from the differing elemental input abundances. Millar & Herbst (1990) stated that the
CO abundance produced by the model is directly related to the amount of available
carbon at both early time and steady state. The authors explained that this result indic-
ates that all of the available carbon in the cloud is locked-up in the stable C-O bond, as
previously discussed by Watt (1985). It was then put forward that provided the oxygen
abundance is greater than the carbon abundance, the CO abundance is independent of
the oxygen abundance. This would allow CO observations in oxygen-rich regions to
reveal the carbon abundance in these galaxies, and vice versa as in carbon rich regions
all of the available oxygen will be locked up in stable CO and thus be the limiting
factor for CO abundance.
Millar & Herbst (1990) noted that hydrocarbon abundances depend on a combination
of factors, including (but not limited to);
1. the elemental carbon abundance, as hydrocarbons are formed from the carbon
left over from CO production;
2. the oxygen abundance, as this can affect both the hydrocarbon formation and
destruction rates;
3. the CO abundance, as formation of some hydrocarbons from precursor ions such
as CH5+ depend on reaction with CO.
It was found that the atomic oxygen abundance was related to the quantity O−C, rather
than the O/C ratio. The quantity O−C represents the amount of free oxygen atoms per
unit volume, as almost all of the carbon atoms will bond with oxygen atoms, forming
CO. The number density of oxygen atoms which are not bonded with carbon are then
free to react with other species, so the quantity O−C represents the excess, or free
oxygen atoms. Although model S2 had the highest O/C ratio, it also had the smallest
value of O−C, and so the lowest atomic O abundance at both early time and steady
state. It was concluded that the hydrocarbon abundances can be enhanced in models
with low carbon and oxygen abundances (e.g. S2), provided that the O−C value is low.
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This seems counterintuitive at first, as a more instinctive result would be that the hy-
drocarbon abundances would scale with the underlying carbon abundance. However,
the stronger scaling of the hydrocarbon abundances with the quantity O−C gives an
example of how the complex and highly inter-dependent chemical networks present in
the clouds can interact in ways which are not immediately obvious.
The authors note that the abundances of nitrogen-containing species depend on the ni-
trogen abundance more strongly than hydrocarbon abundances depend on the carbon
abundance. The steady state model results show that both the N2 and NH3 abundances
directly scale with the elemental nitrogen abundance. At early time, the N2 and NH3
abundances have some co-dependence, as the formation of NH3 involves N2. How-
ever, the authors found that the association between N2/NH3 and the atomic nitrogen
abundance at early times was less easily defined. The dependence was affected by the
abundance of OH, and hence the elemental oxygen abundance. This dependence, com-
bined with hydrocarbon/nitrogen reactions forming organo-nitrogen species, gave rise
to a complex chemistry which was dominated by different reactions at different times.
Millar & Herbst (1990) also discussed the effect of reduced abundance of CO on the
H3+ ion. This ion was more abundant in model S2 than G by more than an order of
magnitude at both early time and steady state. It was stated that the increase could be
attributed to the lower CO abundance, as H3+ is primarily destroyed by reaction with
CO, and so a lower CO abundance leads to a lower destruction rate in model S2.
Millar & Herbst (1990) concluded that although it is generally hard to derive the C, O
and N elemental abundances from molecular abundances, due to the complex nature of
the reaction networks, it is a useful result that the CO abundance scales directly with
the carbon abundance, provided the galaxy is oxygen rich. This result allows CO ob-
servations of such galaxies to determine the carbon abundance. The authors suggested
that although it would be difficult to determine the elemental abundances of oxygen and
nitrogen using molecular line observations of dark clouds, it may be possible to infer
these abundances where the abundance of carbon is known, and a number of species
containing C, O and N in various combinations could be observed. This demonstrates
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how useful a chemical reaction network can be in deducing the abundance of a species
in a dark cloud, even if the species itself is not directly observable.
1.2.2 Chemical Models of Hot Cores
Brown et al. (1988) created a chemical model of a hot core. The model included
gas-phase and grain surface chemistry, and was pseudo-time-dependent. Brown et al.
(1988) considered a three phase process for the hot core model.
1. Phase i: a cold, dark cloud collapsed to a density of 107 cm−3
2. Phase ii: the gas was heated by the formation of a protostar and the grain mantles
evaporated
3. Phase iii: the hot core chemistry was seen to evolve with time
Phase ii was thought to be sufficiently transient that the heating and evaporation of
grain mantles was considered to be instantaneous by the authors. The grain surface
chemistry was limited to hydrogenation reactions. In phase iii, the temperature (200 K)
and density (107 cm−3) were set as constant values throughout the hot core. Brown et al.
(1988) discussed deuterium chemistry, but did not include it in the model as it would
have substantially increased the run time of the model. The model results showed that
the chemistry in the collapsing cold cloud, phase i, did not reach steady state, as the
free-fall time (∼9.3×105 years) was shorter than the time needed for the chemistry to
reach equilibrium. All condensible species froze out onto the grain surfaces before
the collapse was completed. The grain species formed were hydrogenated versions of
the elemental atoms initially put into the model. For example, atomic nitrogen formed
NH3, and atomic oxygen formed H2O. In phase iii, the destruction rates for many
species were slow, as the reactive O and OH neutrals were ‘locked up’ in stable CO
and H2O. The abundance of ionic species produced by cosmic rays (e.g. H3+ and He+)
was reduced, as the fractional abundances of these species was known to be inversely
proportional to density. The density in the hot core model was very high, and so few
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of these ionic species were produced. The model overproduced some radical species,
including CN and C2H, as the hydrogenation of species other than C, N and O (and
their hydrides) was ignored. Overall, the model produced results which could be used
to explain observed abundances of various species in the Orion Hot Core.
Brown (1990) modelled the formation of complex molecules on dust grain surfaces.
The author suppressed the reactions between atomic hydrogen and heavier species, in
order to allow more complex species than hydrogenated atoms to form. Three reasons
for the reduction in H atom surface reaction efficiency were put forward:
1. A reduced sticking coefficient for H atoms
2. Almost all hydrogen could be assumed to be in the form of H2, with very little
atomic H present
3. Reduced mobility of the H atoms on the grain surface
The Brown (1990) model results showed that complex species were efficiently pro-
duced by the new grain chemistry used in the model. A number of these complex
species had been observed in hot cores, and other hot core models were not able to
match the observed abundances. The Brown (1990) model represented an improved
hot core model, which was more able to match observations from hot cores.
Charnley et al. (1992) used observations of mantles on dust grains as the starting point
for their chemistry. These models did not include a collapse phase, but instead started
with the injection of the grain mantle species into the gas phase. Charnley et al. (1992)
modelled two different regions in the Orion-KL cloud which were both described as
‘hot cores’. The two regions exhibited very different chemical abundances. The first
region was known as the Hot Core. The Hot Core has a temperature of 200 K, a
density > 107 cm−3, and is relatively compact. The second region was known as the
Compact Ridge. The Compact Ridge is cooler, with a temperature of around 100 K,
and less dense with a density > 106 cm−3. The Hot Core is known to have a largely
neutral, nitrogen-rich chemistry, and the Compact Ridge has been observed to be dom-
inated by oxygen-bearing species and ion-molecule reactions. Charnley et al. (1992)
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attempted to reproduce the different chemistries seen in the two regions by increasing
the initial abundance of CH3OH in the Compact Ridge, and NH3 in the Hot Core. The
authors concluded that the complex gas phase species observed in hot cores could be
formed in the gas phase, from simple hydrogenated parent species (e.g. NH3, CH4)
which formed on the grain surfaces.
Caselli et al. (1993) also modelled the Hot Core and Compact Ridge in the Orion-KL
cloud. Caselli et al. (1993) modelled the regions as two distinct shells of gas, col-
lapsing around a common massive protostar. The Hot Core was the inner shell, and
was hence hotter, denser, and closer to the protostar. The Compact Ridge was the outer
shell, and was thus cooler and less dense. The Hot Core was assumed to be initially
composed of molecular hydrogen and metallic ions. The Compact Ridge was assumed
to contain atomic hydrogen, along with atomic metals. Both regions contained a tem-
perature and density gradient (Scoville & Kwan, 1976). The model results reproduced
some aspects of the contrasting chemistries seen in the two regions. However, some
abundances could not be reproduced by the model. Caselli et al. (1993) suggested
that further understanding of the grain surface chemistry was required, to reconcile the
model results with observations.
Hot core models became more complex with time, as sulphur, silicon and phosphorus
surface chemistry was added to the models, as dicussed by Charnley (1995). Millar
et al. (1997b) created a complex model of a hot core and its surrounding region. The
authors defined three regions in a molecular cloud surrounding a protostar, namely:
1. An ultracompact hot core (UCC)
2. A compact hot core (CC)
3. An extended halo
The definition of a general hot core which has been used in the models in this thesis
corresponds to the ultracompact hot core and compact hot core regions only. The
physical parameters used to define the three regions are shown in Table 1.2.
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Component n(H2) T Outer radius N(H2) AV
(cm−3) (K) (pc) (cm−2) (mag)
Ultracompact core 2x107 300 0.01 6×1023 640
Compact core 106 30 r−0.4 0.1 2.7×1023 288
Halo 104 r−2 30 r−0.4 3.5 2.9×1023 310
Table 1.2: Physical parameters used in the Millar et al. (1997b) model. r is measured in cm.
Millar et al. (1997b) calculated a number of pseudo-time-dependent chemical mod-
els to represent the shells present in this scheme – two in the UCC, two in the CC and
eighteen in the Halo. The cosmic ray ionisation rate used in the models was 1.3×10−16
s−1, which is an order of magnitude larger than the standard interstellar value (as used
in this thesis). The results were able to reproduce many observed abundances from the
modelled hot core (G 34.3). It was suggested that more refined models could take into
account the variation of grain mantle composition with radial distance.
Viti & Williams (1999) investigated what Brown et al. (1988) termed ‘phase ii’ of the
hot core model, e.g. the evaporation of grain mantles via heating from a newly-formed
protostar. Viti & Williams (1999) developed a hot core model in which the evaporation
of icy mantles was time dependent. The authors hoped to use the model to constrain
the age of the protostar, as it approached ‘zero-age’ main sequence (ZAMS), and the
distance from the hot core to the protostar/ZAMS star. The time at which the star be-
comes a ZAMS star is called the contraction time, as at this time it reaches its minimum
radius, highest mass (for a single star system) and greatest effective temperature. The
model consisted of a uniform slab divided into 50 shells. The initial and final densit-
ies used were 104 H2 cm−3 and 107 H2 cm−3 respectively. The surface chemistry was
limited to hydrogenation of species which were depleted onto grains, and conversion
of a fraction of the CO into CH3OH. In the time-dependent evaporation model, the
different grain species evaporated according to their binding energy to the grain. As
the temperature increased, different species were able to desorb from the grains. Four
models were created, in which the temperature increased to a maximum of 200K over
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four different timescales:
1. Instantaneous temperature increase to 200K (a traditional hot core model)
2. Tdust = 200K after 2.8×104 years. This corresponded to a 60M star.
3. Tdust = 200K after 7.0×104 years. This corresponded to a 25M star.
4. Tdust = 200K after 1.1×105 years. This corresponded to a 15M star.
The results showed that in the first 60,000 years following the birth of a star, very dif-
ferent fractional abundances were produced in the four models. This information could
be used to estimate the age of a hot core, and the contraction time for a massive star.
Viti et al. (2001) considered the effects of shocks on hot core evolution. The shocks
were postulated to be caused by winds from the protostar, as low-mass pre-ZAMS stars
were known to have such winds. The authors assumed the shock to have a velocity of
10–20 km s−1. It was assumed that the wind was steady – this would only cause one
shock, rather than a series.The authors found that if all metallic species froze-out onto
the grain surfaces prior to protostar formation and shock impact, then no shock tracer
species could be identified. If this were not the case, HCO/H2CO and NS/CS were
found to be potentially useful shock tracers.
Charnley (1997) originally suggested the idea of using sulphur-bearing species as
‘chemical clocks’. The author suggested using the ratios SO/H2S and SO/SO2 in order
to determine the age of a hot core. Wakelam et al. (2004) further analysed sulphur
chemistry in hot core chemical models. The authors found that a number of factors
have a strong impact on the sulphur-bearing species, namely:
1. the gas temperature
2. the gas density
3. the atomic oxygen abundance
4. the form the sulphur takes when it is injected into the gas phase
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As the sulphur-bearing species do not solely depend on the hot core age, the authors
wrote that the use of sulphur-bearing species as chemical clocks was not straightfor-
ward. It was concluded that detailed hot core observations combined with rigorous
modelling of the physical and chemical structure could be used to constrain the source
age, along with the form of sulphur when it is injected into the gas phase.
Nomura & Millar (2004a) modelled a hot core in which the grain surface species sub-
limated at different temperatures, depending on the binding energy of the species to
the grain surface. The grain mantle composition was chosen to match observations
of ice absorption features in young stellar objects. The authors also created a model
where the grain surface species were trapped within a water ice. Nomura & Millar
(2004a) found that a hot core age of 104 years in the model was most appropriate when
comparing the model results with observations of the hot core G34.3+0.15. The differ-
ing sublimation temperatures for different grain surface species produced a chemistry
where parent species could be limited to an area within a certain radius (and hence
temperature). The water-ice grain surface model produced distinctive results, where
the abundance radii for parent and daughter species had changed, compared with the
model where the grain species could evaporate according to their binding energy.
Extragalactic Chemical Models of Hot Cores
Lintott et al. (2005) investigated the possibility of observing emission from hot cores
in galaxies at high redshift. The authors used a simple hot core model, with no in-
ternal structure and with instantaneous grain mantle evaporation. The initial elemental
abundances used came from models of the yields from a zero-metallicity star. Berto-
ldi et al. (2003) estimated that the quasar SDSS J114816.64+525150.3 could have a
star formation rate as high as 3000 solar masses per year. Lintott et al. (2005) thus
estimated that high redshift galaxies could contain as many as 107-108 hot cores. The
authors wrote that unresolved observations of molecular emission from the combined
hot cores present in such galaxies should be possible.
NADYA KUNAWICZ 51
1: INTRODUCTION
Bayet et al. (2007) performed a preliminary investigation into hot core modelling in
other galaxies, at low metallicity. For simplicity, Bayet et al. (2007) varied only the
underlying elemental abundances in their models, and not the gas/dust ratio or the
H2 formation rate. The authors investigated a range of metallicities, from solar to
solar/1000. Some hot core metallicity tracer species were identified. Those that varied
linearly with metallicity included CO, NH3, H2O and CS. HCO+ and SO were found
to inversely trace the underlying metallicity. CH3CN was found to be insensitive to
metallicity. The effect of increasing the cosmic ray ionisation rate by an order of mag-
nitude (from 1.3×10−17 s−1 to 1.3×10−16 s−1) was investigated, and species that were
both sensitive and insensitive to this parameter were identified.
Bayet et al. (2008) made a more detailed study of hot core modelling in other galaxies.
The types of galaxies considered were spiral galaxies, active galaxies, low-metallicity
galaxies and galaxies at high redshift. The parameters investigated were metallicity,
dust/gas ratio, H2 formation rate, relative initial elemental abundances, cosmic ray
ionisation rate, and the hot core temperature. This comprehensive study identified a
number of tracer species, which could identify hot cores in other galaxies. Bayet et al.
(2008) found that even at very low metallicity, the hot core chemistry remained com-
plex.
1.2.3 Time Scales
Some of the time scales over which important physical and chemical processes in star-
forming regions occur can be approximated, using the equations given in this section.
The free-fall time scale for gravitational collapse in a dark cloud is given by the fol-
lowing equation (Tielens, 2005):
τ f f =
(
3pi
32GnmH
)1/2
'
4 × 107
n1/2
years (1.4)
where G is the gravitational constant, n is the cloud density in cm−3, and mH is the
mass of a hydrogen atom.
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The accretion rate for gas-phase species to freeze out onto dust grain surfaces is given
in Section 2.2.2. This rate governs the freeze out time scale, which can be approxim-
ated (Tielens, 2005):
τ f reeze out '
4 × 109
n
years (1.5)
where n is the density of the gas in cm−3. This time scale can be as short as 4×104
years in a cloud with a density of 1×105 cm−3.
Ambipolar diffusion describes the process by which magnetic fields diffuse out of
a region, affecting if/when a cloud is able to collapse to form a protostar. Charged
particles within the cloud couple to the magnetic field which exist in the star forming
region and can slow or prevent the cloud collapse, as they will not cross the magnetic
field lines. The charged particles diffuse/drift to the edge of the cloud, as the neutral
species are attracted inwards by gravity. The charged particles exert a friction against
the gravitational collapse, as they slow or prevent this process. The ambipolar diffusion
time scale is thus strongly affected by the fractional ionisation of the cloud, as the
higher the proportion of charged material in the cloud, the longer it takes for the gravity
to overcome the supportive magnetic field. The ambipolar diffusion time scale, τAD, is
given by (McKee, 1989):
τAD ' 1.6 × 10
14φADxe years (1.6)
where xe is the fractional ionisation of the cloud and φAD is a constant of order unity,
which is used to allow for deviations from this estimate.
The chemical time scale is “the time taken to create molecular coolants from the ini-
tially atomic gas assuming that nearly all of the hydrogen is molecular” (Banerji et al.,
2009). At this time, enough hydrogen has been ionised so that C and O can be totally
converted into molecules (Banerji et al., 2009). The chemical time scale, τchem is ap-
proximated by (Banerji et al., 2009):
τchem '
5 × 106ξ
ζ/1 × 10−17 years (1.7)
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where ξ is the metallicity of the cloud and ζ is the cosmic ray ionisation rate. This time
scale is more important for collapsing diffuse clouds rather than dense or dark cores.
Rough estimates of some of these time scales for a typical dark cloud, with density n ≈
2×104cm−3 are given in Table 1.3. It is worth noting that the ambipolar diffusion time
scale is much longer than the free-fall collapse time scale. The ambipolar diffusion
time scale thus provides the limiting factor for the time taken to form a star within
a cloud. The freeze-out time scale is much shorter than the ambipolar diffusion time
scale. The differences (and similarities) between the times taken for these processes to
occur can have interesting consequences for the chemistry. This is discussed further in
Section 3.2.1.
Ambipolar diffusion Free-fall collapse Freeze-out
Dark Cloud 107 1.3×105 4×104
Table 1.3: The typical time scales, in years, for some physical processes to occur in a dark
cloud, with density 1×105cm−3.
1.2.4 Summary
When ALMA becomes fully functional, observations of star-forming regions in other
galaxies will be made at much higher levels of resolution than are currently possible.
Previously unseen molecular emission from galaxies at high redshift will be detected.
The chemical models of dark clouds and hot cores at low metallicity in this thesis will
help observers to interpret and understand their findings.
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2Chemical Modelling
2.1 Modelling
When referring to the models used, it is useful to define some commonly used terms.
The notation [X] is used to refer to the concentration (cm−3) of a species, X. When
the term ‘abundance’ is used with reference to chemical models, it can be assumed to
mean fractional abundance, with respect to H2 concentration, unless otherwise stated.
2.1.1 Chemical Networks
A chemical network is a representation of the various chemical reactions occurring
between species in a region. An example reaction network is shown in Figure 1.3.
Chemical models are built around reaction networks – the various species are con-
nected via reactions, which in turn are governed by reaction rates. A computational
chemical model can be used to calculate the abundances of species within a cloud,
given appropriate physical conditions (e.g. temperature, H2 density and extinction).
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2.1.2 Abundance calculations
In a chemical model, the abundances of species with respect to time are calculated
using differential equations, for example:
dn(X)
dt = Formation(X) − Destruction(X) (2.1)
where n(X) is the concentration of species X. The formation rate of X is calculated
by summing the amount of X produced by all possible reactions. An example of a
formation reaction might be:
XH+ + C → CH+ + X (2.2)
The rates of the forward and backward reactions can be represented using the following
equation:
k1
[
XH+
] [C] = k2 [CH+] [X] (2.3)
where k1 is the rate of the forward reaction, and k2 is the rate of the backward reaction.
The concentration of X formed via Reaction 2.2 can be calculated thus:
n(X) = k1k2
n(XH+).n(C)
n(CH+) (2.4)
where k1 and k2 are the reaction rate coefficients described above. The formation rate
of X is dependent on the concentrations of the reactants and the reaction rate for each
reaction. The reaction rates are often temperature dependent, either proportionally or
inversely, and so the reactions which have a high rate in cold, dark clouds will be dif-
ferent in warmer regions, including hot cores. The destruction rate of X is calculated
in the same way as the formation rate, the only difference being that the reactions con-
sidered are those which destroy X.
In a steady state model, the species’ abundances are found by setting the differential
equations (e.g. equation 2.1) equal to zero and solving them. This follows, as steady
state is defined as the time when the formation and destruction rates of a species are
equal. In a time-dependent model, the abundances are calculated at a series of pre-
defined time steps, where derivatives are typically non-zero.
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2.1.3 Gas-phase and gas-grain models
Gas-phase chemical models (e.g. Millar & Herbst 1990) use chemical networks which
consider only the gas phase reactions that are possible within a cloud. Gas-grain mod-
els (e.g. Hasegawa et al. 1992) include dust grain surface reactions in the chemical
network. A grain population is input into the model, with an overall dust mass and a
range of grain sizes. It is assumed that some gas phase species can freeze out of the
gas phase onto the grain surfaces. A ‘sticking’ probability is used to determine what
proportion of a gas-phase species freezes out, when it comes into contact with a grain
surface. Surface chemistry is added to the model, as the species undergo a range of re-
actions on the grain surfaces. In a pseudo-time-dependent dark cloud chemical model,
the low temperature would eventually lead to almost all species (except H2) being de-
pleted from the gas phase. In a hot core model, the increased temperature caused by
the protostar ‘switch-on’ allows the frozen out species to evaporate from the grains,
producing a complex gas-phase chemistry.
2.2 Chemistry
2.2.1 Gas-phase chemistry
The dark cloud and hot core models used in this thesis contain a gas-phase chemistry
which is based on the reactions in the UMIST Database for Astrochemistry (Woodall
et al., 2007). The gas-phase reaction classes included are shown in Table 2.1.
In a dark cloud, the chemistry is initiated by the cosmic-ray ionisation of H2 or
He. The most important reaction types are ion-molecule, dissociative recombination,
charge exchange and neutral-neutral. This is because there are high concentrations of
neutral species and positive ions in dark clouds. Photoreactions are less important in
the interior of a dark cloud, as the high extinction reduces the number of photons able
to enter the cloud, and therefore the efficiency of these reactions.
In a hot core, the neutral-neutral reactions are the most important. The fraction of
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Type Process Rate Coefficient
Ion-molecule A+ + B → C+ + D ∼10−9 cm3 s−1
Dissociative Recombination AB+ + e → A + B ∼10−6 cm3 s−1
Radiative Association A + B → AB + hν ∼10−1610−9 cm3 s−1
Neutral-neutral A + B → C + D ∼10−1210−10 cm3 s−1
Photodissociation AB + hν→ A + B ∼10−9 s−1
Charge-transfer A+ + B → A + B+ ∼10−9 cm3 s−1
Table 2.1: Classes of gas-phase reactions used in chemical models. Taken from Caselli (2005).
ionic species is much lower in a hot core than a dark cloud, as the increased density
combined with the (assumed) constant cosmic ray ionisation rate results in a smaller
fraction of charged species. Thus, the reactions involving charged species are less
frequent than those involving only neutral species. Photoreactions are also infrequent
in a hot core, as the high density results in an even higher extinction than in a dark
cloud.
Branching ratios
One of the factors affecting the evolution of a chemical reaction network within a
cloud is the branching ratios of certain reactions. The branching ratio of a reaction
is the proportion of the reactants which go on to form certain products. This can be
shown in the following generalised example of dissociative recombination:
ABC+ + e− −→ AB + C (2.5)
ABC+ + e− −→ A + BC (2.6)
where the products are different for the two reactions. If the A–B bond is much stronger
than the B–C bond then it is likely that most of the time, Reaction 2.5 will occur prefer-
entially to Reaction 2.6. However, Reaction 2.6 will sometimes occur. This may result
in a branching ratio of x% for Reaction 2.5 and (100-x)% for Reaction 2.6, where x>0.
The number of possible reactions which could occur is not limited to two, and for
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polyatomic species the number of possible outcomes will usually be higher than this
(Millar et al., 1988). If the reaction can be performed in a laboratory, the data for the
branching ratios will be taken from experimental results. Otherwise, an estimate will
be made as to the likelihood of each reaction taking place, based on data from similar
reactions, bond strengths and calculations using known reaction rates. Many of the
reactions which occur in dark clouds, hot cores, or other astrophysical environments,
take place under conditions which are impossible/difficult to recreate in an Earth-based
laboratory. For this reason, many of the branching ratios for the reactions which oc-
cur in dark clouds are not known, or easily estimated. Other parameters, such as the
reaction rate coefficients, activation barriers and energetic feasibility of reactions are
also unknown and difficult to estimate as these parameters are also difficult to measure
in a laboratory under ‘dark cloud’/‘hot core’ conditions. Quantum-chemical calcula-
tions are sometimes utilised to study the likelihood of various bonds breaking within a
species. However, these calculations are time-consuming as they are extremely com-
plicated and computationally intensive.
2.2.2 Surface Chemistry
Figure 2.1 shows the interaction between gas-phase species and grain surfaces. It also
shows the different types of reactions which can occur on the grain surface. These
processes are individually discussed below.
Accretion
Accretion of gas-phase species onto dust grain surfaces is included in the hot core
model. The probability of a species freezing out, or accreting, onto a grain surface
upon collision is known as the ‘sticking coefficient’. Most species are assumed to
have a sticking coefficient of 1, which means they will accrete upon collision. Atomic
hydrogen has a sticking coefficient of 0.3. As in Brown (1990), the reduced H atom
sticking coefficient is used to suppress the reactions between elemental atoms and hy-
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Figure 2.1: Assorted processes on dust grain surfaces. This image is taken from Herbst (2000),
Minh & van Dishoeck (2000).
drogen, in order to increase the formation of complex molecules. The following spe-
cies have a sticking coefficient of 0, and are not accreted; H+, H2, H2+, H3+, He, He+
and HeH+. Electrons are also not accreted, as the grains are assumed to be negatively
charged. Positively charged gas-phase species are assumed to undergo dissociative re-
combination when accreting onto the negatively charged dust grains, resulting in the
accretion of two or more neutral species. Neutral gas-phase species accrete onto the
grains without dissociating. The following equation can be used to calculate the accre-
tion rate, Racc, for a species, i, (Millar & Williams, 1993):
Racc (i) = siσd 〈v (i)〉 n (i) nd (2.7)
where si is the sticking coefficient, σd is the grain cross section (in cm2), 〈v(i) is the
thermal velocity of the species, n(i) is the gaseous concentration (cm−3) of the species
and nd is the grain number density (cm−3). When a gas-phase species is adsorbed onto
a binding site, the species can become physisorbed or chemisorbed to the surface.
Desorption
Grain surface species thermally desorb from the grain surfaces when the temperature
rises in the hot core model, as the dust temperature is assumed to be equal to the gas
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temperature. Different species thermally desorb at different temperatures. The rate for
thermal desorption of a species is given by the following equation (Millar & Williams,
1993):
t−1desorb = ν0 exp
(
−ED/kbT
)
(2.8)
where ν0 is the oscillation frequency between the species and the grain surface (1012-
1013 s−1), ED is the binding energy between the species and the grain surface, kb is
Boltzmann’s constant and T is the dust grain temperature. The harmonic oscillator
approximation can be used to estimate the oscillation frequency, as follows:
ν0 =
√
2nsED/pi2m (2.9)
where ns is the surface density of binding sites per cm2 and m is the mass of the
adsorbed species.
Grain surface species can also desorb when the grain is impacted upon by a cosmic-
ray, or a photon (photodesorption). The energy from the impact allows some surface
species to desorb into the gas phase. In a hot core, thermal desorption is by far the
most important type of desorption. The high extinction precludes photodesorption,
particularly in the inner regions. Cosmic-ray induced desorption only has a tiny impact
in dense regions, such as dark clouds and hot cores (Hartquist & Williams, 1990).
Physisorption
A physisorbed species undergoes van der Waals bonding with the surface atoms of the
dust grain, as a mutually-induced dipole moment occurs. There is usually no activation
energy to physisorption, and binding energies can be in the range 0.01–0.2eV. This
weak bonding allows the species to move across the grain surface, either by thermal
hopping or quantum tunnelling. These processes are represented in Figure 2.1. The
rate of thermal hopping to an adjacent site is given by the following equation (Millar
& Williams, 1993):
t−1hop = ν0 exp
(
−Eb/kT
)
(2.10)
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where ν0 is the same as in Equation 2.8, and Eb is the barrier energy between different
sites. Millar & Williams (1993) wrote that geometrical arguments indicate that Eb
is around 0.25-0.30 times the value of ED, the binding energy. The rate of quantum
tunnelling can be approximated by the following equation (Millar & Williams, 1993):
t−1q ≈ ν0 exp
[
− (2a/~)
√
2mEb
]
(2.11)
where a is a rectangular barrier and ~ is the reduced Planck constant. The diffusion of
grain species across the surface leads to Langmuir-Hinshelwood reactions, which can
occur between two mobile species.
Chemisorption
A chemisorbed species undergoes chemical bonding (covalent or ionic) with the sur-
face atoms of the dust grain. This creates a strong bond, with a typical binding energy
of 1eV. The bond does not allow the species to diffuse across the grain surface. The
species can react via Eley-Rideal reactions – where another species accretes on top of,
or diffuses near to, the chemisorbed species. The Eley-Rideal reactions dominate over
the Langmuir-Hinshelwood reactions at temperatures above 300K, as the physisorbed
species tend to desorb at these temperatures.
2.3 The Dark Cloud Model
A pseudo-time-dependent gas-phase chemical model of a homogeneous dark cloud
was constructed, similar to that of Herbst & Leung (1986), for example. The reactions
used in the model were taken from the UMIST 06 database (Woodall et al., 2007). The
model contained 3816 reactions and 312 species. The models were calculated using the
parameters shown in Table 2.2. These physical conditions were all held to be constant
for the duration of the simulations. Only gas-phase reactions were considered, except
for the case of H2 formation, where a rate was adopted appropriate for its formation on
dust grain surfaces.
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Parameter Value
Temperature 10K
H2 density 2x104 cm−3
AV 15 magnitudes
CR ionisation rate 1.3×10−17 s−1
Table 2.2: The physical conditions used in the dark cloud models.
2.4 The Hot Core Model
The hot core model consists of two distinct parts – the first stage is the isothermal
collapse of a dark cloud. This is followed by a multidepth hot core model.
2.4.1 The Isothermal Collapse Model
The Isothermal Collapse model (henceforth the Collapse model) is a modified version
of the dark cloud model as described in Section 2.3. The Collapse model follows a
‘packet’ of gas in a dark cloud as the cloud collapses. The physical parameters used
in the Collapse model can be seen in Table 2.3. The rate of change of the gas number
density is modelled using the following equation:
dn(t)
dt = B
(
n(t)4
n0
)1/3 {
24piGmHn0
[(
n(t)
n0
)1/3
− 1
]1/2
cm−3s−1, (2.12)
where t is time, B is the retardation factor, n0 is the initial density of the cloud, G is
the gravitational constant and mH is the mass of a H atom. This is the modified free-
fall collapse of an isothermal dark cloud, as used by Spitzer (1978). The retardation
factor is used to account for the effect of external magnetic fields acting on the charged
species and grains. The presence of a magnetic field causes the cloud to collapse more
slowly than if the collapse were completely due to gravity (an unmodified free-fall
collapse), as the charged species must cross the magnetic field lines. Once the pre-
determined final density is reached (2x107 cm−3 in this model – a typical value for a
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hot core), the collapse is halted. The temperature is constant in the Collapse model, as
the collapse is assumed to be isothermal.
Dark Cloud Temperature (Collapse Model) 10K
Initial Density (Collapse Model) 2×104 cm−3
Final Density 2×107 cm−3
Visual Extinction (Collapse Model) 15 magnitudes
Cosmic Ray Ionisation Rate 1.33×10−17 s−1
Dust/Gas Mass Ratio 100
Relative Dust Grain Number Density 1.33×10−12
Dust Grain Albedo 0.5
Dust Grain Radius 1×10−5 cm
Surface Density of Grain Sites 7.9×1014 cm−2
Retardation Factor (Collapse Model) 0.7
Table 2.3: The physical parameters used in the Hot Core Model. Those marked “Collapse
Model” are used in the Collapse Model only. The others are used in both the Collapse Model
and the Multidepth Model.
2.4.2 The Multidepth Hot Core Model
The Multidepth Hot Core model (henceforth the Multidepth model) consists of sev-
enteen concentric shells, which extend outwards from a distance of 1x10−3pc from
the central protostar to a distance of 1.12x10−1pc, and are separated on a logarithmic
scale. The inner and outer radii of the shells, as a distance from the central protostar,
are given in Table 2.4.2. Each shell has different physical conditions. The temperature
profile for the hot core is given by the following equation:
T (r) = Tc
(
r
r0
)−0.4
K, (2.13)
where Tc is the central hot core temperature and r0 is the distance from the protostar
to the inner radius of the hot core. This closely matches the expression used by Viti
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Figure 2.2: The temperature and density profiles used in the Multidepth hot core model.
& Williams (1999). The temperature distribution as a function of distance from the
protostar be seen in Figure 2.2(a). The density profile adopted for the hot core model
is given by the following equation:
n(r) = nc
(
1 + r
rc
)−1.5
cm−3, (2.14)
where nc is the central hot core density, and rc is the transitional radius between iso-
thermal and non-thermal (Nomura & Millar, 2004b). Figure 2.2(b) shows the density
profile as a function of distance from the protostar. For each shell, the distance from
the hot core centre was used to identify the appropriate temperature and density, using
equations 2.13 and 2.14.
The visual extinction is calculated using the assumption that a column density of
NH=3.1×1021 cm−2 corresponds to an AV of 1.6 magnitudes (Millar et al., 1997b).
The total hydrogen column density outside of a depth, r, is calculated using the fol-
lowing equation:
N(r) =
∫ ∞
r
n(r)dr, cm−2, (2.15)
where n(r) is the density profile seen in equation 2.14. The total visual extinction is
then calculated by scaling the total column density using the factor described by Millar
et al. (1997b).
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The initial fractional abundances of the gas and grain species are different in each
shell of the Multidepth model. These abundances come from the Collapse model. The
density of each shell is compared with the density in the Collapse model – at the point
where the densities match, the output abundances from the Collapse model are taken
as the inputs for the Multidepth Hot Core model.
Once the physical and chemical inputs for each shell have been determined, a model is
run for each shell, independently of the others. The physical and chemical conditions in
each shell are assumed to be homogenous, and the increase in temperature is assumed
to be instantaneous (the Collapse model runs at 10K). The temperature increase causes
grain species to sublimate. These species are then further processed in the gas phase
chemistry. The models are run up to a time of 107 years, which ensures the chemistry
reaches steady state.
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Shell Inner radius (pc) Outer radius (pc) Density (cm−3) Temp (K) AV (mag)
1 1.00E-003 1.50E-003 1.92E+007 179.4 5540.6
2 1.50E-003 1.98E-003 1.90E+007 160.8 5512.3
3 1.98E-003 2.59E-003 1.87E+007 144.2 5475.6
4 2.59E-003 3.41E-003 1.83E+007 129.4 5428.3
5 3.41E-003 4.47E-003 1.79E+007 116.0 5367.7
6 4.47E-003 5.87E-003 1.73E+007 104.0 5290.3
7 5.87E-003 7.71E-003 1.65E+007 93.3 5192.6
8 7.71E-003 1.01E-002 1.57E+007 83.7 5070.4
9 1.01E-002 1.33E-002 1.46E+007 75.0 4919.6
10 1.33E-002 2.00E-002 1.34E+007 67.3 4736.3
11 2.00E-002 2.89E-002 1.08E+007 54.7 4288.4
12 2.89E-002 3.70E-002 9.40E+006 49.6 4029.7
13 3.70E-002 4.73E-002 8.03E+006 44.9 3743.9
14 4.73E-002 6.06E-002 6.71E+006 40.7 3435.0
15 6.06E-002 7.75E-002 5.48E+006 36.9 3108.5
16 7.75E-002 9.91E-002 4.38E+006 33.4 2771.2
17 9.91E-002 1.27E-001 3.43E+006 30.3 2430.1
Table 2.4: The Multidepth Model Shell Physical Parameters
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3Dark cloud modelling at low
metallicity
3.1 Introduction
Dark clouds are cold clouds of gas and dust which can condense and collapse to form
stars (see Table 2.2 for typical conditions). Observations and models of these re-
gions are important, as they provide insight into the star formation process, as well
as yielding information regarding metallicity and chemical enrichment on both solar
and galactic scales. In this chapter, a dark cloud is modelled at low metallicity, in an
attempt to model the extragalactic environments of the Large and Small Magellanic
Clouds (henceforth LMC and SMC). The wider motivation behind this work is a de-
sire to increase understanding of how individual star-forming regions have evolved,
and influenced galaxies, over cosmological timescales. The advent of new facilities,
such as ALMA1, will allow components of distant galaxies to be resolved at a higher
level of detail than is currently possible. ALMA will be able to detect radiation from
abundant molecules up to a redshift of z=10, effectively showing us the contents of
these galaxies as they were over 12 billion years ago. Figure 3.1 shows which rota-
1www.almaobservatory.org
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Figure 3.1: Credit: www.mma.nrao.edu/science/sciencegoals.html. This figure shows which
rotational (J) CO transitions can be observed with ALMA, and to which redshift they corres-
pond. The higher rotational transitions of CO are not observable at sub-mm wavelengths in the
Galaxy. However, at high redshifts their wavelengths move into the observing bands of ALMA,
whereas transitions commonly observed in the Galaxy, such as J=3-2, move out of these bands.
tional transitions of CO ALMA will be able to observe as a function of redshift. The
LMC and SMC are particularly interesting to model, as the low degree of metallicity
in these dwarf galaxies is thought to be similar to that which existed in galaxies in the
early Universe. The results from the LMC and SMC modelling could therefore be used
to explain/predict observations of other galaxies at a high redshift.
A metallicity tracer species (i.e. a certain molecule or molecular or atomic ion)
provides a measure of the underlying abundance of metals in a region. The region
modelled in this chapter is a dark cloud, and the metals included in the model are car-
bon, oxygen, nitrogen, sulphur and the heavy metals (iron, magnesium and sodium,
collectively referred to as M). A general metallicity tracer would give an estimate of
the underlying metallicity in a cloud e.g., how much C, O, N, S and M there was
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in total. An elemental metallicity tracer would give an estimate for the underlying
abundance of one element in a cloud, e.g. carbon. It is useful to know the metallicity
of dark clouds, as the star formation process begins in these regions. The degree of
metallicity in a cloud can be used to infer the cosmological age of the region, and/or
how processed the material is. The metallicity of a dark cloud will also have an effect
on whether/how a star forms, as the ionisation fraction in a cloud is affected by the
metallicity. If a star does form in a particular cloud, the metallicity of the cloud will
also determine the initial composition of the star, and will affect the surrounding region
through circumstellar chemistry, and dust formation.
3.2 The NK Dark Cloud Chemical Model
A pseudo-time-dependent gas-phase chemical model of a homogeneous dark cloud
was used, as described in Section 2.3, to model such regions under low metallicity
conditions which are found in other galaxies – in particular, the LMC and SMC. This
model is henceforth known as the NK dark cloud chemical model. The model does not
contain depletion onto grain surfaces, or grain surface chemistry. The gas-phase res-
ults are considered to be sufficiently accurate for use in comparison with extragalactic
observations, which have a low level of resolution. When referring to the models used,
it is useful to define some commonly used terms. When ‘early time’ is used in refer-
ence to the dark cloud models, it is referring to the time before the abundances in the
model have reached steady state - e.g. when the abundances are still changing. Steady
state refers to the time when the abundances have reached chemical equilibrium, and
no changes occur.
3.2.1 Time Scales
As discussed in Section 1.2.3, the time scales over which physical processes, such as
free-fall collapse and freeze-out, occur can impact the chemistry. The steady state gas-
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phase chemistry examined in this model may not occur in reality. The freeze-out time
scale estimated for this model is 4×104 years. It is likely that the gas-phase species will
all freeze out onto grain surfaces beyond this time, and so the chemistry seen at 107
years may not be a physical representation of what is occuring in SFRs. Accretion onto
dust grains and the ensuing surface chemistry are not included in the NK dark cloud
model. If these processes were modelled, a more accurate estimate for the freeze-out
time scale could be obtained. This could provide the basis for future work.
3.2.2 Initial elemental abundances
The model inputs are taken from observed chemical abundances in the Milky Way, the
LMC and the SMC (e.g. Woodall et al. 2007, Garnett 1999). Twelve models were pro-
duced, each with different metallicity. All of the initial elemental fractional abundances
used in the models are shown in Table 3.1. The initial elemental abundances came
from several sources. In models G, L and S, the carbon, oxygen, nitrogen, sulphur
and M abundances were taken from observations in the Galaxy, the Large Magellanic
Cloud and the Small Magellanic Cloud respectively. The Galactic abundances were
taken from TMC-1, a well-studied Galactic dark cloud. The Magellanic abundances
were taken from HII region observations in the LMC and SMC. The observed sulphur
abundances in the Magellanic Clouds were depleted by a ratio found from Galactic
HII region/dark cloud sulphur observations. This was done as follows. An observed
fractional abundance of sulphur was taken from a Galactic HII region (4.36x10−6 taken
from Garcı´a-Rojas et al. 2007). This number was divided by a dark cloud fractional
abundance of sulphur, taken from the Galactic dark cloud TMC-1 (2.00x10−8 taken
from Woodall et al. 2007), to give a ratio of 217. This ratio was used to deplete the
fractional sulphur abundances in the LMC and SMC models, L and S. It is possible that
the depletion factor would be different in the Magellanic Clouds, owing to the lower
dust/gas ratio in these galaxies. However, it is unclear if/how the ratio would change
when compared with the Milky Way, and so the factor of 217 was used to deplete both
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the LMC and SMC HII sulphur observations.
The models DC2-DC5 used intermediate abundance values, which were interpolated
between the observed abundances used in models G, L and S. For example, models
DC2 and DC3 had abundances scaled to be 1/3 and 2/3 of the way between those in
models G and L. Models DC6-DC9 used abundances which were reduced to further
test the results from the G, L and S models, and model DC1 used fractional abundances
greater than those found in the Milky Way.
The dust/gas ratio was also changed in the models - the L and S model values were
taken from Millar & Herbst 1990. The DUST parameter in Table 3.1 reflects how the
dust/gas ratio used in Model G was scaled up or down in the other models. In models
DC2-DC5, the DUST parameter was interpolated between the G, L and S values. For
example, models DC2 and DC3 have DUST values which are respectively 1/3 and 2/3
of the way between the DUST values in models G and L. Models DC1 and DC6-9
used extrapolated DUST parameters, which are outside of the range used in models G,
L and S.
3.3 Verification of the NK Dark Cloud Model
3.3.1 Comparison of the NK Dark Cloud Model with the Woodall
et al. (2007) TMC1 Model
The results of model G were compared with those from the model of TMC-1 by
Woodall et al. (2007). The input parameters for the two models are identical, the
only difference between the models is that the NK TMC1 model does not contain the
species F, P, Si or Cl. Table 3.2 shows the steady state fractional abundances of some
common species in both models. The results from the two models are very similar. As
seen in the third column of Table 3.2, the fractional abundance outputs tend to differ
by only a few percent between the two models. The largest difference seen is in CS,
where the NK TMC1 abundance is higher.
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Model Initial fractional elemental abundances
Carbon Oxygen Nitrogen Sulphur M DUST
DC1 1.85E-004 3.87E-004 1.42E-004 1.48E-007 1.95E-008 1.750
G1 1.32E-004 3.19E-004 7.50E-005 8.57E-008 1.50E-008 1.000
NK TMC1 7.30E-005 1.76E-004 2.14E-005 2.00E-008 9.00E-009 1.000
DC2 1.14E-004 2.96E-004 5.26E-005 6.48E-008 1.35E-008 0.750
DC3 9.70E-005 2.74E-004 3.03E-005 4.39E-008 1.20E-008 0.500
L2 7.94E-005 2.51E-004 7.94E-006 2.30E-008 1.05E-008 0.250
DC4 6.13E-005 2.01E-004 6.35E-006 1.84E-008 7.59E-009 0.186
DC5 4.32E-005 1.50E-004 4.76E-006 1.38E-008 4.70E-009 0.123
S2 2.51E-005 1.00E-004 3.16E-006 9.16E-009 1.82E-009 0.059
DC6 7.94E-006 3.98E-005 1.26E-006 3.65E-009 3.16E-010 0.014
DC7 3.97E-006 1.99E-005 6.29E-007 1.82E-009 1.58E-010 0.007
DC8 3.18E-006 1.59E-005 5.03E-007 1.46E-009 1.26E-010 0.006
DC9 2.38E-006 1.19E-005 3.78E-007 1.09E-009 9.48E-011 0.004
Table 3.1: The initial fractional elemental abundances used in the dark cloud models. All
abundances are given relative to H2. The abundances in models G, L and S are taken from
observations in the corresponding galaxy, where G is the Milky Way, L is the LMC and S
is the SMC. The abundances in models DC2-DC5 are interpolated between the G, L and S
values. The abundances in models DC1 and DC6-DC9 are extrapolated outside the G, L and
S values. 1 The Galactic abundances were taken from Woodall et al. (2007). 2 The LMC and
SMC abundances were taken from: Garnett (1999); Garcı´a-Rojas et al. (2007); Lebouteiller
et al. (2008).
Figures 3.2, 3.3 and 3.4 show the fractional abundance of some common species, as a
function of time, in the models NK TMC1 and Rate 06 TMC1. By comparing Figure
3.2(a) with Figure 3.2(b) it is apparent that most of the sulphur-bearing species evolve
in a similar manner in the two models. However, the fractional CS abundance in model
NK TMC1 behaves quite differently to that seen in Rate 06 TMC1. This is caused by
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NK TMC Rate 06 TMC NK as a % of Rate 06
CH3OH 1.97E-012 1.69E-012 116.33
CH4 6.94E-008 6.58E-008 105.47
CO 1.45E-004 1.46E-004 99.59
CS 2.65E-010 1.69E-010 156.63
e− 3.70E-008 3.70E-008 99.86
H2O 2.43E-006 1.99E-006 121.86
H2S 7.64E-011 6.67E-011 114.54
HCN 6.61E-009 5.89E-009 112.19
HCO+ 8.50E-009 9.09E-009 93.53
HNC 1.12E-008 1.02E-008 109.9
NH3 1.82E-007 1.93E-007 94.09
NO 6.93E-006 8.23E-006 84.17
O 6.89E-005 4.91E-005 140.33
O2 6.36E-005 7.32E-005 86.9
OCS 2.53E-010 2.32E-010 108.84
OH 1.26E-007 1.46E-007 85.96
S 1.53E-008 1.27E-008 120.16
SO 1.06E-008 1.06E-008 99.62
SO2 1.35E-008 1.62E-008 83.33
Table 3.2: A comparison of steady state fractional abundances (to H2) for NK TMC1 and Rate
06 TMC1 (Woodall et al., 2007).
the exclusion of the elements Cl, Si, P and F from model NK TMC1, as this is the
only difference between the two models. Figure 3.3 shows how some oxygen-bearing
species evolve in the two models. Between 103 and 104 years, the species CO, OH,
H2O, NO and O2 behave quite differently in model NK TMC1 when compared with
model Rate 06 TMC1. This can again be attributed to the exclusion of Cl, Si, P and F
from NK TMC1. It can be seen that H2O has a noticeably higher steady state fractional
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Figure 3.2: Some sulphur-bearing species in models NK TMC1 and Woodall et al. (2007)
TMC1. Figure 3.2(b) is taken from Woodall et al. (2007).
abundance in model NK TMC. The other species have similar steady state abundances
in both models. Figure 3.4 shows the fractional abundance of CH3OH in models NK
TMC and Rate 06 TMC. The fractional CH3OH abundance seen in both models is sim-
ilar at most times. Overall the results from the dark cloud model NK TMC compare
well with the results from the TMC model results in Woodall et al. (2007). For this
reason, the NK dark cloud model results can be considered comparable with results
from similar chemical models, in terms of accuracy.
3.3.2 Comparison of the NK Dark Cloud Models with the Millar
& Herbst (1990) Models
Millar & Herbst (1990) created pseudo-time-dependent gas-phase chemical models of
dark clouds in the Milky Way, the LMC and the SMC (henceforth these models shall
be referred to as the MH models). The initial fractional abundances and dust/gas ra-
tios used in the MH and NK models are shown in Table 3.3. The DUST parameter
refers to the dust/gas ratio as a fraction of the dust/gas ratio used in the Galactic model.
The dust/gas ratios used in the NK models are taken from the MH models. The input
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Figure 3.3: Some oxygen-bearing species in models NK TMC1 and Woodall et al. (2007)
TMC1. Figure 3.3(b) is taken from Woodall et al. (2007).
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Figure 3.4: The fractional CH3OH abundance in models NK TMC1 and Woodall et al. (2007)
TMC1. The red dotted line in Figure 3.4(b) represents model Rate 06 TMC1. Figure 3.4(b) is
taken from Woodall et al. (2007).
abundances are different, as more recent observations were used to determine the in-
puts for the NK models. The NK models include sulphur, unlike the MH models. The
MH models include two LMC and two SMC models. Models L1 and S1 use obser-
vations of HII regions in the LMC and SMC for the input abundances. These values
are taken from Bel et al. (1986). Models L2 and S2 use depletion factors taken from
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the authors’ previous dark cloud models, to deplete the Bel et al. (1986) abundances
to a level thought to be representative of a dark cloud. The NK model inputs are taken
from several sources, as shown in Table 3.1.
The results from the models will be different for a number of reasons. Some of the
Model Initial fractional elemental abundances
Carbon Oxygen Nitrogen Sulphur DUST O/C
NK G 1.32E-004 3.19E-004 7.50E-005 8.57E-008 1.000 2.4
NK L 7.94E-005 2.51E-004 7.94E-006 2.30E-008 0.250 3.2
NK S 2.51E-005 1.00E-004 3.16E-006 9.16E-009 0.059 4.0
MH G 1.46E-004 3.52E-004 4.28E-005 - 1.000 2.4
MH L1 1.58E-004 4.80E-004 1.74E-005 - 0.250 3.0
MH L2 3.08E-005 1.25E-004 3.24E-006 - 0.250 4.1
MH S1 2.80E-005 2.20E-004 8.00E-006 - 0.059 7.9
MH S2 5.46E-006 5.72E-005 1.49E-006 - 0.059 10.5
Table 3.3: The NK and MH dark cloud model input fractional abundances and dust/gas ratios.
The fractional abundances used in the MH models were taken from Bel et al. (1986).
reaction sets, rates and branching ratios have changed since Millar & Herbst (1990)
was written. The initial fractional abundances are different in each model. Sulphur is
added to all the NK models, but is not included in any of the MH models. This will
obviously cause some changes to the results, but these should be fairly small as the
fractional sulphur abundance is low in all of the NK models. The initial abundances
of the heavy metals (M) are also different in the NK models. The MH models each
contain the same fractional M abundance - the abundance is not quoted by Millar &
Herbst (1990).
The O/C ratios used in models NK G and MH G, and L and L1, are similar, as seen
in Table 3.3. However the O/C ratios in models S1 and S2 are very different to that in
model S. Tables 3.4 and 3.5 summarise the comparison between the models at early
time and steady state respectively. A sample of twenty-three common species were
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compared. The species were grouped by how good the comparison was between the
NK and MH model pairs (the NK model L was compared with both MH L1 and L2,
and NK model S was compared with both MH S1 and S2). For example, Table 3.4
shows that in models NK G and MH G, there are five species which differ by less
than 50% between the two models at early time. There are twelve species which vary
within one order of magnitude, four which vary within two orders of magnitude, and
two species which vary by more than two orders of magnitude. Tables 3.6– 3.15 show
the fractional abundances produced by the NK and MH model pairs at early time and
steady state. The column on the right in each table shows the NK model abundance as
a fraction of the MH model abundance. If this parameter is greater than one, then more
of this species is produced in the NK model. If the parameter is less than one, more of
the species is produced in the MH model. A very high or very low number shows that
the model results differ quite dramatically. These changes are caused by the different
fractional abundance inputs, as well as the changes in the reaction rates and branching
ratios which have been implemented in the models since Millar & Herbst (1990) was
written. For example, the modelling of methanol was changed in the UDfA 2006 by
Woodall et al. (2007), when improved rates for methanol formation were experiment-
ally deduced (Geppert et al. 2006, Luca et al. 2002). A reduced branching ratio for the
formation of methanol from CH3OH2+ via dissociative recombination was included in
the 2006 version of the UDfA. Additionally, the formation rate of CH3OH2+ via reac-
tion between CH3+ and H2O was found experimentally to be two orders of magnitude
lower than assumed. This was also included in the UDfA 2006, and the combination
of these two changes led to much lower abundances of methanol being produced in the
dark cloud chemical models.
Tables 3.6 and 3.7 show that the NK G and MH G model results compare
reasonably well at both early time and steady state. At early time, much less methanol
is produced in the NK G model compared with the MH G model. By steady state, the
fractional CH3OH abundances in the two models are much more similar. This shows
that the reaction rates and formation routes for CH3OH have considerably changed
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EARLY TIME Difference
<±50% <factor of 10 <factor of 100 >factor of 100
NK G vs MH G 5 12 4 2
NK L vs MH L1 9 9 3 2
NK L vs MH L2 3 10 8 2
NK S vs MH S1 6 13 3 1
NK S vs MH S2 0 10 13 0
Table 3.4: Summary of NK and MH model comparison at early time (3.6×105 years).
STEADY STATE Difference
<±50% <factor of 10 <factor of 100 >factor of 100
NK G vs MH G 4 10 7 2
NK L vs MH L1 6 10 5 2
NK L vs MH L2 3 10 7 3
NK S vs MH S1 2 15 5 1
NK S vs MH S2 3 12 5 3
Table 3.5: Summary of NK and MH model comparison at steady state (>107 years).
in the chemical models since 1990. The changes made to the CH3OH modelling are
discussed earlier in Section 3.3.2. H2CO is modelled differently in the NK models,
compared with the MH models. Much less H2CO is produced in the NK models, as the
results tables show. The modelling of this species has changed a lot since the Millar &
Herbst (1990) models were created, both at early time and steady state. Woodall et al.
(2007) implemented a large decrease to the reaction rate for H2CO formation via re-
action between C2H3 and O2. This change results in the much lower H2CO abundance
in the NK models. The species CH3CN and HCO+ are formed in similar quantities
in models NK G and MH G, at both early time and steady state. The formation and
destruction of these species are modelled in a similar way in the MH and NK models.
Tables 3.8, 3.9, 3.10 and 3.11 show that the NK L model compares slightly more fa-
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3.6×105 years NK G MH G NK G / MH G
C 3.17E-005 5.40E-006 5.86
C+ 6.33E-009 1.50E-009 4.22
C2H 7.28E-009 3.50E-008 0.21
C3H 6.13E-009 2.70E-007 0.02
C3H2 8.44E-009 1.00E-007 0.08
CH3CN 3.33E-008 2.90E-008 1.15
CH3OH 3.77E-013 1.70E-008 0.00
CN 1.46E-008 2.80E-008 0.52
CO 2.04E-004 1.10E-004 1.85
e− 4.84E-008 2.30E-008 2.10
H2CO 4.74E-010 2.30E-006 0.00
H2O 5.22E-006 3.00E-006 1.74
H3O+ 5.66E-009 4.00E-009 1.42
HC3N 8.33E-008 9.20E-009 9.06
HCN 2.52E-007 3.80E-008 6.63
HCO+ 3.79E-009 6.70E-009 0.57
HNC 2.01E-007 2.10E-008 9.58
N 5.71E-005 3.50E-005 1.63
N2 4.61E-005 3.70E-006 12.45
NH3 7.72E-008 9.40E-009 8.21
NO 3.01E-008 5.90E-008 0.51
O 4.28E-004 2.20E-004 1.95
OH 2.01E-008 2.60E-007 0.08
Table 3.6: The NK G and MH G model results at early time (3.6×105 years).
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107 years NK G MH G NK G / MH G
C 6.72E-009 3.30E-010 20.37
C+ 1.13E-009 9.80E-010 1.15
C2H 2.25E-011 2.00E-009 0.01
C3H 8.44E-013 2.00E-009 0.00
C3H2 9.79E-011 6.00E-010 0.16
CH3CN 1.16E-011 1.50E-011 0.77
CH3OH 1.32E-012 1.10E-011 0.12
CN 3.09E-011 5.90E-010 0.05
CO 2.63E-004 1.50E-004 1.75
e− 4.32E-008 2.60E-008 1.66
H2CO 7.87E-012 1.00E-008 0.00
H2O 4.33E-006 7.10E-007 6.10
H3O+ 5.17E-009 1.40E-009 3.69
HC3N 4.04E-012 2.70E-012 1.50
HCN 7.07E-009 3.90E-010 18.13
HCO+ 6.54E-009 1.20E-008 0.55
HNC 1.40E-008 1.10E-009 12.76
N 5.59E-006 9.20E-007 6.07
N2 6.95E-005 2.10E-005 3.31
NH3 2.65E-007 3.60E-008 7.37
NO 5.14E-006 1.80E-007 28.53
O 1.89E-004 3.70E-005 5.10
OH 5.51E-008 7.30E-007 0.08
Table 3.7: The NK G and MH G model results at steady state (>107 years).
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3.6×105 years NK L MH L1 NK L / MH L1
C 5.65E-007 6.70E-006 0.08
C+ 9.77E-009 1.70E-009 5.75
C2H 5.97E-009 2.10E-008 0.28
C3H 4.12E-009 2.30E-007 0.02
C3H2 8.11E-008 8.60E-008 0.94
CH3CN 2.13E-010 8.90E-009 0.02
CH3OH 2.41E-012 1.90E-008 0.00
CN 4.62E-009 1.20E-008 0.38
CO 1.49E-004 1.20E-004 1.24
e− 4.56E-008 2.20E-008 2.07
H2CO 1.10E-010 1.90E-006 0.00
H2O 3.84E-006 3.90E-006 0.98
H3O+ 7.23E-009 4.90E-009 1.47
HC3N 4.65E-009 3.10E-009 1.50
HCN 9.90E-009 1.40E-008 0.71
HCO+ 4.52E-009 6.10E-009 0.74
HNC 7.40E-009 7.80E-009 0.95
N 4.95E-006 1.60E-005 0.31
N2 5.33E-006 8.20E-007 6.50
NH3 1.58E-008 2.40E-009 6.57
NO 1.44E-007 4.10E-008 3.50
O 3.45E-004 3.30E-004 1.05
OH 4.56E-008 2.40E-007 0.19
Table 3.8: The NK L and MH L1 model results at early time (3.6×105 years).
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107 years NK L MH L1 NK L / MH L1
C 3.00E-009 9.60E-010 3.13
C+ 8.36E-010 5.80E-010 1.44
C2H 1.98E-011 8.30E-010 0.02
C3H 4.46E-013 6.50E-010 0.00
C3H2 3.73E-011 1.60E-010 0.23
CH3CN 2.48E-012 2.90E-012 0.86
CH3OH 7.98E-013 7.20E-012 0.11
CN 7.94E-012 1.10E-010 0.07
CO 1.59E-004 1.60E-004 0.99
e− 3.86E-008 2.50E-008 1.55
H2CO 1.76E-011 6.20E-009 0.00
H2O 3.57E-006 8.40E-007 4.25
H3O+ 6.19E-009 1.60E-009 3.87
HC3N 3.53E-013 3.10E-013 1.14
HCN 1.52E-009 8.30E-011 18.33
HCO+ 7.62E-009 1.30E-008 0.59
HNC 2.32E-009 2.30E-010 10.08
N 1.03E-006 3.50E-007 2.94
N2 5.23E-006 8.40E-006 0.62
NH3 6.52E-008 1.30E-008 5.01
NO 4.31E-006 1.80E-007 23.96
O 9.57E-005 4.20E-005 2.28
OH 1.21E-007 7.20E-007 0.17
Table 3.9: The NK L and MH L1 model results at steady state (>107 years).
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3.6×105 years NK L MH L2 NK L / MH L2
C 5.65E-007 8.20E-009 68.91
C+ 9.77E-009 9.20E-010 10.62
C2H 5.97E-009 2.60E-008 0.23
C3H 4.12E-009 6.90E-008 0.06
C3H2 8.11E-008 2.70E-008 3.00
CH3CN 2.13E-010 3.30E-010 0.65
CH3OH 2.41E-012 4.90E-010 0.00
CN 4.62E-009 2.60E-009 1.78
CO 1.49E-004 2.90E-005 5.13
e− 4.56E-008 3.30E-008 1.38
H2CO 1.10E-010 1.90E-007 0.00
H2O 3.84E-006 9.30E-007 4.12
H3O+ 7.23E-009 2.40E-009 3.01
HC3N 4.65E-009 1.30E-010 35.75
HCN 9.90E-009 6.20E-010 15.97
HCO+ 4.52E-009 6.50E-009 0.70
HNC 7.40E-009 5.50E-010 13.45
N 4.95E-006 8.20E-007 6.04
N2 5.33E-006 1.00E-006 5.33
NH3 1.58E-008 2.70E-009 5.84
NO 1.44E-007 3.30E-007 0.44
O 3.45E-004 3.00E-005 11.51
OH 4.56E-008 1.70E-006 0.03
Table 3.10: The NK L and MH L2 model results at early time (3.6×105 years).
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107 years NK L MH L2 NK L / MH L2
C 3.00E-009 3.80E-010 7.90
C+ 8.36E-010 7.90E-010 1.06
C2H 1.98E-011 8.50E-010 0.02
C3H 4.46E-013 3.60E-010 0.00
C3H2 3.73E-011 1.30E-010 0.29
CH3CN 2.48E-012 1.30E-012 1.91
CH3OH 7.98E-013 3.60E-012 0.22
CN 7.94E-012 2.60E-007 0.00
CO 1.59E-004 3.10E-005 5.11
e− 3.86E-008 3.60E-008 1.07
H2CO 1.76E-011 6.00E-009 0.00
H2O 3.57E-006 4.60E-007 7.76
H3O+ 6.19E-009 1.40E-009 4.42
HC3N 3.53E-013 1.20E-013 2.94
HCN 1.52E-009 4.10E-011 37.10
HCO+ 7.62E-009 8.10E-009 0.94
HNC 2.32E-009 5.80E-011 39.97
N 1.03E-006 9.10E-008 11.31
N2 5.23E-006 1.40E-006 3.74
NH3 6.52E-008 2.70E-009 24.14
NO 4.31E-006 2.60E-007 16.58
O 9.57E-005 1.00E-005 9.57
OH 1.21E-007 2.50E-006 0.05
Table 3.11: The NK L and MH L2 model results at steady state (>107 years).
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3.6×105 years NK S MH S1 NK S / MH S1
C 1.98E-009 3.40E-009 0.58
C+ 3.17E-009 5.10E-010 6.21
C2H 2.21E-009 5.40E-009 0.41
C3H 1.04E-009 3.80E-008 0.03
C3H2 6.85E-008 1.50E-008 4.57
CH3CN 3.62E-011 1.80E-010 0.20
CH3OH 7.11E-011 6.40E-010 0.11
CN 1.35E-010 5.00E-010 0.27
CO 4.91E-005 2.70E-005 1.82
e− 3.15E-008 2.70E-008 1.17
H2CO 2.25E-010 1.40E-007 0.00
H2O 4.25E-006 2.30E-006 1.85
H3O+ 1.16E-008 4.60E-009 2.51
HC3N 2.93E-010 1.20E-010 2.44
HCN 9.58E-009 5.70E-010 16.81
HCO+ 5.39E-009 4.50E-009 1.20
HNC 9.02E-009 4.80E-010 18.80
N 1.45E-006 2.80E-006 0.52
N2 1.50E-006 2.50E-006 0.60
NH3 5.41E-008 6.70E-009 8.07
NO 1.67E-006 2.50E-007 6.68
O 1.00E-004 8.70E-005 1.15
OH 1.65E-007 1.00E-006 0.17
Table 3.12: The NK S and MH S1 model results at early time (3.6×105 years).
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107 years NK S MH S1 NK S / MH S1
C 1.97E-009 1.20E-010 16.45
C+ 1.21E-009 2.90E-010 4.18
C2H 6.71E-011 1.50E-010 0.45
C3H 1.71E-012 3.70E-011 0.05
C3H2 4.10E-011 1.00E-011 4.10
CH3CN 5.67E-012 9.30E-013 6.10
CH3OH 5.22E-013 1.50E-012 0.35
CN 1.48E-011 4.90E-007 0.00
CO 5.01E-005 2.80E-005 1.79
e− 3.18E-008 3.40E-008 0.94
H2CO 2.53E-010 2.30E-009 0.11
H2O 1.72E-006 5.30E-007 3.25
H3O+ 6.04E-009 1.50E-009 4.02
HC3N 1.34E-013 1.40E-014 9.59
HCN 2.62E-009 3.20E-011 81.72
HCO+ 9.36E-009 7.80E-009 1.20
HNC 3.45E-009 4.70E-011 73.43
N 3.61E-007 1.00E-007 3.61
N2 5.67E-007 3.70E-006 0.15
NH3 1.00E-007 5.80E-009 17.31
NO 4.69E-006 4.90E-007 9.57
O 1.82E-005 9.50E-006 1.91
OH 4.43E-007 2.90E-006 0.15
Table 3.13: The NK S and MH S1 model results at steady state (>107 years).
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3.6×105 years NK S MH S2 NK S / MH S2
C 1.98E-009 8.10E-010 2.44
C+ 3.17E-009 2.20E-010 14.40
C2H 2.21E-009 2.90E-008 0.08
C3H 1.04E-009 4.80E-008 0.02
C3H2 6.85E-008 1.70E-008 4.03
CH3CN 3.62E-011 1.70E-011 2.13
CH3OH 7.11E-011 5.00E-012 14.23
CN 1.35E-010 6.40E-009 0.02
CO 4.91E-005 4.70E-006 10.45
e− 3.15E-008 6.60E-008 0.48
H2CO 2.25E-010 3.80E-009 0.06
H2O 4.25E-006 4.50E-007 9.44
H3O+ 1.16E-008 1.70E-009 6.79
HC3N 2.93E-010 1.00E-010 2.93
HCN 9.58E-009 8.30E-010 11.54
HCO+ 5.39E-009 2.00E-009 2.69
HNC 9.02E-009 8.10E-010 11.14
N 1.45E-006 7.20E-008 20.15
N2 1.50E-006 4.40E-007 3.42
NH3 5.41E-008 5.90E-010 91.66
NO 1.67E-006 5.10E-007 3.27
O 1.00E-004 2.90E-006 34.47
OH 1.65E-007 6.10E-006 0.03
Table 3.14: The NK S and MH S2 model results at early time (3.6×105 years).
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107 years NK S MH S2 NK S / MH S2
C 1.97E-009 1.10E-010 17.95
C+ 1.21E-009 2.50E-010 4.85
C2H 6.71E-011 2.60E-010 0.26
C3H 1.71E-012 5.50E-011 0.03
C3H2 4.10E-011 2.00E-011 2.05
CH3CN 5.67E-012 1.10E-012 5.15
CH3OH 5.22E-013 7.50E-013 0.70
CN 1.48E-011 2.80E-007 0.00
CO 5.01E-005 5.40E-006 9.28
e− 3.18E-008 6.20E-008 0.51
H2CO 2.53E-010 9.10E-010 0.28
H2O 1.72E-006 4.70E-007 3.67
H3O+ 6.04E-009 1.80E-009 3.35
HC3N 1.34E-013 3.60E-014 3.73
HCN 2.62E-009 3.00E-011 87.17
HCO+ 9.36E-009 2.30E-009 4.07
HNC 3.45E-009 3.00E-011 115.03
N 3.61E-007 4.50E-008 8.02
N2 5.67E-007 5.80E-007 0.98
NH3 1.00E-007 8.90E-010 112.81
NO 4.69E-006 2.80E-007 16.75
O 1.82E-005 2.80E-006 6.50
OH 4.43E-007 6.50E-006 0.07
Table 3.15: The NK S and MH S2 model results at steady state (>107 years).
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vourably with model L1 than L2, at both early time and steady state. Most of the spe-
cies modelled are different by one order of magnitude or less when comparing model
L with L1. Fewer of the species match so closely when comparing model L with L2.
Generally, most species are underproduced in model L when compared with L1, and
overproduced in model L when compared with L2. This makes sense, as the input
abundances in model L are partway between those for models L1 and L2, as seen in
Table 3.3.
Tables 3.12, 3.13, 3.14 and 3.15 show that the NK S model results are closer to those
of model S1 than S2. Table 3.3 shows that the input abundances in model S are closer
to model S1 than model S2, so this result is sensible. The fractional carbon input
abundance is particularly similar in models S and S1. The oxygen abundance is higher
in S1 than S, by a factor of 2.2. However, as the models are oxygen rich, the results
should not be strongly affected by this. The nitrogen input abundance in model S1 is
also higher than than in model S, by a factor of 2.5. This explains why many nitrogen-
bearing species are underproduced in model S when compared with model S1, at early
time. The results from model S2 tend to be quite different to those seen in model S,
particularly at early time, when most of the species are produced in abundances which
differ by more than one order of magnitude between models S and S2. This differing
chemistry is caused by the different O/C ratio in the two models, as seen in Table 3.3.
Overall, the differences in the results produced by the NK and MH models can be
explained. The differing input abundances, and the changes in dark cloud chemical
modelling since 1990, account for these differences. The results produced are reason-
ably similar, as few species are produced in abundances which differ by more than two
orders of magnitude.
3.3.3 Comparison of the NK Dark Cloud Model with Observations
Table 3.16 shows some observed fractional abundances from the dark cloud TMC-1, as
well as the corresponding fractional abundances from the model NK TMC1 at 1.3×105
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years. Overall, the comparison between the NK TMC1 model and the TMC-1 ob-
servations shows that the chemical model is reasonably consistent with observations.
Most of the species shown are somewhat overproduced by the model when compared
with the observations – particularly HCN, HNC and CH3CN. A number of species are
underproduced – most notably H2CO. The overproduction/underproduction of some
species by the model could be caused by a number of factors, including errors in the
chemical modelling of these species, such as incorrect reaction rates or branching ra-
tios. Certain formation or destruction reactions may be missing from the reaction
network, and this could cause over/underproduction of these species. The exclusion
of grain surface depletion and chemistry from the model could also explain the dis-
crepancies between the modelled and observed values. However, the model is not able
to reproduce certain observed fractional abundances, and so the resulting modelled
abundances for some species must be considered more uncertain than for other species
which appear to be modelled more accurately.
3.4 Results from the NK Dark Cloud Models
The models were used to identify potential metallicity tracer species or ratios – e.g.
observable species which could be used to predict or constrain the underlying metalli-
city of a dark cloud and could trace the abundance of all metals, or a particular metal.
As most Galactic dark clouds are thought to be between 105 and 106 years old, the
model results were mainly analysed between these ages, as well as at later times when
the chemistry had reached steady state (usually around 107 years). Only species which
have been observed in extragalactic regions2 are discussed, as the intention of this work
is to predict tracer species which it is possible to observe. As a rough estimate, a frac-
tional abundance greater than 10−10 could be observed in an extragalactic dark cloud.
2www.astro.uni-koeln.de/site/vorhersagen/molecules/extragalactic
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Species Observed Modelled Mod/Obs
CO 3.00E-005 3.66E-005 1.22
CN 4.00E-009 1.42E-008 3.56
OH 3.00E-008 1.60E-008 0.53
HCN 6.00E-009 2.58E-008 4.30
HNC 4.00E-009 2.52E-008 6.31
C2H 4.20E-009 4.27E-009 1.02
HCO+ 8.00E-009 1.37E-009 0.17
NH3 5.00E-008 1.82E-008 0.36
H2CO 6.00E-009 9.48E-010 0.16
HC3N (0.3-1.0)E-008 7.50E-009 (1.50-2.50)
CH3CN 3.40E-010 2.84E-009 8.36
Table 3.16: A comparison of some observed fractional abundances from the dark cloud TMC-
1 (Millar & Freeman 1984 and the references therein) and the fractional abundances produced
by model NK TMC1 at 1.3×105 years.
3.4.1 Elemental fractional abundances
In Figures 3.5(a), 3.5(b), 3.5(c) and 3.5(d) the fractional abundances of atomic carbon,
oxygen, nitrogen and sulphur are seen to evolve with time in models G, L and S. It can
be seen that model G has the highest fractional abundance of each element, at all times.
Model L has the next highest fractional abundance of each element, and model S has
the lowest fractional abundance. As the fractional abundances seen in the models are
representative of the underlying abundance of that element in the model, the species
themselves can be considered metallicity tracers. However, these species are not easily
observable in the central regions of dark clouds. The fractional abundance of C in
models G, L, S and DC1-DC6 is shown in Figure 3.6. This shows that the carbon
abundance in each model at each time is directly related to the underlying carbon
abundance in the model - so model DC1 has the highest fractional abundance of atomic
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Model Elemental abundance ratios
O/C C/N C/S O/N N/S
DC1 2.82 3.20 2208.50 9.04 690.10
G 2.42 1.76 1540.26 4.25 875.15
NK TMC1 2.10 1.30 1243.73 2.72 957.26
DC2 3.16 10.00 3453.48 31.63 345.35
DC3 3.27 9.66 3335.39 31.63 345.32
L 2.41 3.41 3650.00 8.22 1070.00
DC4 3.48 9.09 3138.19 31.63 345.28
DC5 3.98 7.94 2742.36 31.63 345.20
S 2.59 2.17 1766.62 5.63 812.46
DC6 5.01 6.31 2177.67 31.63 345.05
DC7 5.01 6.31 2177.67 31.63 345.05
DC8 5.01 6.31 2177.67 31.63 345.05
DC9 5.01 6.31 2177.67 31.63 345.05
Table 3.17: Underlying fractional abundance ratios in the NK dark cloud models.
C, and model DC6 has the lowest. The C abundance in all the models drops rapidly
between 5×104 and 1×105 years, as most of the atomic carbon is incorporated into the
CO molecule at this time, where it remains, owing to the stability of this molecule.
3.4.2 CO
As seen in Figure 3.7(a) the CO abundance traces the carbon abundance in each model
fairly well at early time, and very well at steady state. However, unless the age of
the cloud is known fairly accurately then it is impossible to identify the underlying
carbon abundance using these models, as the same CO abundance can occur in different
models at different times. For example, a CO fractional abundance of 1×10−5 occurs
in models G, L and S between the times of 104 and 105 years. This can be seen more
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Figure 3.5: The fractional abundances of atomic carbon, oxygen, nitrogen and sulphur in
models G, L and S.
clearly in Figure 3.7(b), where the early time fractional abundances of CO are shown
for models G, L and S.
3.4.3 Species containing Nitrogen
Figure 3.8(a) shows the fractional abundance of NH3 as a function of time for models
G, L and S. Although NH3 is abundant, it is a poor metallicity tracer. It is impossible
to identify the underlying metallicity of a cloud from an observation, as the fractional
abundance of NH3 changes so much in each model. For example, an observation of
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Figure 3.6: The fractional abundance of elemental C to H2 in models G, L, S and DC1-DC6.
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Figure 3.7: The fractional abundance of CO in models G, L and S.
X(NH3) = 1×10−8 could potentially be produced by all three of the models in the time
period 104–105 years. Even knowing the exact age of the cloud does not clarify this
issue, as several models produce the same NH3 abundance at the same time, even with
different underlying metallicities. This can be seen in Figure 3.8(b).
Figures 3.9(a) and 3.9(c) show the fractional abundances of HCN and HNC in the
three models. In both figures, HCN and HNC are much more abundant in G than in L
and S. This order of magnitude difference in abundance could potentially be observed.
However, the fractional abundances seen in the L and S models are very similar from
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Figure 3.8: The fractional abundance of NH3 in models G, L, S, and DC1-DC6.
approximately 2×105 years onwards. It would be impossible to distinguish between
the two models (and hence underlying metallicities) after that time. An observation of
HCN or HNC in a dark cloud could therefore be used to provide an upper limit to the
underlying metallicity. If a fractional abundance greater than 10−8 were observed, a
Galactic metallicity level could be inferred. If an observation of HCN or HNC showed
a fractional abundance below 10−8, then a sub-Galactic metallicity could be assumed.
Figures 3.9(b) and 3.9(d) show the fractional HCN and HNC abundances in models
G, L, S and DC1-DC6. It can be seen that those species with a metallicity equal to or
lower than model L have a similar fractional abundance of HCN and HNC from around
5×104 years onwards. An observation of HCN or HNC could thus be used to identify if
a cloud had a metallicity above or below the level used in the L model, as seen in Table
3.1. These species could therefore be used to identify dark clouds with low metallicity,
but could not be used to determine the metallicity level more precisely. At steady state,
HCN and HNC could not be used to trace the underlying metallicity of a dark cloud,
as the highest fractional abundances are seen in model G, then S, then L – this does not
reflect the underlying metallicity of the models. A common factor shared by many
of the nitrogen-bearing species studied is that the chemical behaviour of the species is
similar in models G, L and S. The timing may be different – e.g. in model S the species
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Figure 3.9: The fractional abundances of HCN and HNC in models G, L, S and DC1-DC6.
may reach steady state at an earlier time due to the lower metallicity in this model, but
the shape of the fractional abundance curve will be similar for each model. A good
example of this is HC3N, which is shown in Figure 3.10(a). The curve for each model
has a very similar shape in this figure. However, the fractional abundances peak at dif-
ferent times, with the most metallic model (G) peaking at the latest time. This species
could be used as a tracer to provide an upper limit to the underlying metallicity of a
cloud, in a similar way to that described above for HCN and HNC. A fractional abund-
ance above 10−8 is only seen in model G, and so an observation which showed a lower
fractional HC3N abundance than this would reveal a sub-Galactic metallicity. It would
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Figure 3.10: The fractional abundances of HC3N, NS, NO and CN in models G, L and S.
not be possible to further determine the metallicity using HC3N, as similar abundances
are seen in models L and S at early time. If a dark cloud were known to have a steady
state chemistry, it may be possible to use this species as a tracer, as the steady state
fractional abundances of HC3N do appear to reflect the underlying metallicity of the
models. However, the fractional abundances at steady state are all below 10−11, and so
it may not be possible to observe HC3N in a dark cloud in another galaxy.
The NS fractional abundance in models G, L and S is shown in Figure 3.10(b). NS
could not be used to trace the underlying metallicity of a dark cloud. Although the
fractional NS abundances are distinct in the three models at early time, no fractional
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Figure 3.11: The fractional abundances of NH2CN, CH2NH, CH3CN and N2H+ in models G,
L and S.
abundances are seen which are unique to one model, and of a level which it is pos-
sible to observe. If the age of a dark cloud was accurately known, an estimate of the
metallicity could be made, if the age was between 103 and 5×104 years. These specific
conditions make it unlikely that NS could be used as a metallicity tracer.
Figures 3.10 and 3.11 show the fractional abundances of the other nitrogen-bearing
species which have been observed in extragalactic regions. It can generally be seen
that these species are not useful metallicity tracers at early time. The fractional abund-
ances in the three models are often similar, and sometimes there is crossover between
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the different models. Figure 3.11(c) shows that CH3CN could be used to provide an
upper limit for the underlying metallicity at early time, in a similar way to that de-
scribed above for HC3N, HCN and HNC.
Figure 3.11(d) demonstrates that at steady state, N2H+ could be used to trace the under-
lying metallicity, as the highest fractional abundance of this species is seen in model
G, and the lowest in model S. However, the fractional abundances are very low, and it
may not be possible to observe them. The values in models L and S are also quite sim-
ilar, and it may not be possible to distinguish between these models from an observed
value with errors. Figures 3.10 and 3.11 show that NO, CN, NH2CN and CH2NH are
not useful metallicity tracers at early time or steady state.
The metallicity-tracing abilities of the nitrogen-bearing species which have been ob-
served in extragalactic regions, and are included in the dark cloud reaction network,
are summarised in Table 3.18.
Species Early-time tracer? Steady state tracer?
NH3 No No
HCN Yes – provides lower limit No
HNC Yes – provides lower limit No
HC3N Yes – provides lower limit No- low abundance
NS No No
NO No No
CN No No
NH2CN No No
CH2NH No No
CH3CN Yes – provides lower limit No
N2H+ No Possibly
Table 3.18: A summary of the observed extragalactic nitrogen-bearing species and their po-
tential as metallicity tracers.
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Tracing an underlying ratio
Amongst the species NH3, HCN, HNC, NS, CN, NH2CN, and CH3CN at steady state,
the highest fractional abundance is seen in model G, then S, then L. This pattern does
not follow the underlying metallicity of the dark cloud models, as G is the most metal-
lic, and S is the least metallic. However, Figure 3.12(a) shows that these fractional
abundances represent the N/O ratio at steady state, in each of the models. Figure
3.12(b) shows the N/O ratio in models DC1-DC6, along with G, L and S. It can be
seen that up until 2×105 years, five of the models have the same N/O ratio. This is
because the initial, or underlying, N/O ratio in these models is the same, as can be
seen in Table 3.19. After 2×105 years, the N/O ratios in the models diverge, with each
model producing a unique ratio at steady state.
The N/O ratio has a strong effect on the nitrogen-bearing species. Figure 3.12(c) shows
the N/O ratio in the dark cloud models between 105 and 108 years. By comparing this
with Figure 3.12(d), it can be seen that the fractional NH3 abundance at steady state
represents the underlying N/O ratio at that time. The higher the N/O ratio (e.g. the
more nitrogen per unit oxygen), the more NH3 there is. At a lower ratio, there is more
oxygen per nitrogen atom, and so a greater proportion of the nitrogen reacts with oxy-
gen to form oxides such as NO and NO2. At a higher ratio, more nitrogen is available
to become hydrogenated to form NH3.
Model G L S DC1 DC2 DC3 DC4 DC5 DC6
N/O 0.24 0.03 0.03 0.37 0.18 0.11 0.03 0.03 0.03
Table 3.19: The initial N/O ratio in models G, L, S and DC1-DC6
Tracing another species
The fractional C+ abundance is shown in Figure 3.13(a). It can be seen that initially,
the C+ abundance is very similar in models G and L. At steady state, similar fractional
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Figure 3.12: The N/O ratio and the NH3 fractional abundance in models G, L, S and DC1-DC6.
abundances are seen in models G and S. The C+ abundance is closely linked to the
NH3 abundance. It can be seen in Figure 3.13(b) that from 5×104 years onwards the
C+ and NH3 abundances for each model behave in a similar and opposite way. In
each model, the fractional abundances are reflected through a line at approximately
1×10−8. This relationship is caused by a complicated web of reactions within the
reaction network. Around 99% of the time, NH3 is destroyed by reaction with a cosmic
ray photon in the dark cloud models (or by reaction with He+ at very early time). This
leads to products such as NH3+ and NH2, which eventually reform NH3 in the chemical
network. However, around 0.1% of the time, NH3 is destroyed by reaction with C+.
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In this case, H2NC+ is formed. This species undergoes a number of reactions, and
forms species including CN, HCN and HNC. If these species are broken down, they
produce atomic carbon, which sometimes goes on to form C+, which is then able to
remove more NH3 from the cloud. In this way, the C+ and NH3 eventually reach a
balance where the fractional abundances are in a steady state chemistry. This occurs
slightly before the model reaches a steady state chemistry for all species - a little before
1×106 years. This relationship could be used to estimate the fractional abundance of
C+ in a dark cloud at a certain time (rather than the underlying abundance of C or
C+). If the cloud was known to be at, or approaching, steady state, the fractional
C+ abundances could be estimated using a graph such as Figure 3.13(b). This could
then be used to provide limits to the fractional carbon abundance at that time, using
a graph such as Figure 3.13(c) which shows the relationship between the C+ and the
fractional C abundance. This estimate relies on the underlying metallicity of the region
being “guessed” fairly accurately. However, the spread of C+/C ratios at steady state
is quite small (between 0.1 and 1), and so the error made on an estimate may not be
excessively large. Alternatively, Figure 3.13(d) shows the relationship between the
fractional C+ and e− abundances in the models. The C+/e− ratio is between 0.02 and
0.04 in models G, L and S at steady state - this range of values is fairly small. An
estimate of the fractional C+ abundance could thus be used to estimate a range for the
fractional ionisation of the dark cloud at that time.
3.4.4 Hydrocarbons
The hydrocarbons shown in Figure 3.14 have all been observed in extragalactic regions.
None of the species shown are useful metallicity tracers. The fractional abundances in
the different models have values which cross over at different times. For example,
in Figure 3.14(c) the fractional abundances in models G, L and S between 1×104 and
5×105 years are indistinguishable from one another. Figure 3.14(f) shows that at steady
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Figure 3.13: The C+ and NH3 fractional abundances, and C+/C and C+/e− ratios, in models G,
L and S.
state, it may be possible to identify the underlying metallicity of a cloud using the frac-
tional CH3CCH abundance. From around 106 years onwards, the highest abundance
is seen in model G, and the lowest in model S. However, the fractional abundances
seen are very low (around 1×10−14) and so it is unlikely that extragalactic observa-
tions of these abundances could be made. Figure 3.14(a) shows that the fractional CH
abundance at steady state inversely traces the underlying metallicity of the dark cloud.
The fractional abundances seen are fairly low (between 10−10 and 10−11) and thus may
not be observable in other galaxies. As the relationship between metallicity and CH
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Figure 3.14: The CH, CH+, C2H, C3H, C3H2 and CH3CCH fractional abundances in models
G, L and S.
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abundance is inverse, a CH observation could potentially be made from a dark cloud in
another galaxy, if the dark cloud were at very low metallicity. This type of observation
would only be valid if the cloud age was accurately known, and the chemistry was de-
termined to be at steady state, as at early time the fractional CH abundance in all three
models is fairly high (between 10−7 and 10−8). The likelihood of such a specific obser-
vation being made is minimal. Figures 3.14(c) and 3.14(d) show that at steady state,
the highest fractional abundances of C2H and C3H are seen in model S. This pattern
holds for the carbon chain species C4H, C5H, C6H, C7H, C8H and C9H, as shown in
Figure 3.15. The next highest fractional abundance of these species is seen in model G,
and the lowest in model L. As model S has the lowest underlying carbon abundance,
it is clear that these species cannot be used to trace metallicity. Table 3.20 summarises
the ability of the hydrocarbons to trace underlying metallicity in a dark cloud.
Species Early-time tracer? Steady state tracer?
CH No Possibly
CH+ No No
C2H No No
C3H No No
C3H2 No No
CH3CCH No No – low abundance
C4H No No
C5H No No
C6H No No
C7H No No
C8H No No
C9H No No
Table 3.20: A summary of the hydrocarbons and their potential as metallicity tracers. This
shows that none of these species are good metallicity tracers.
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Figure 3.15: The C4H, C5H, C6H, C7H, C8H and C9H fractional abundances in models G, L
and S.
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3.4.5 Species containing oxygen
All of the models are oxygen-rich, as seen in Table 3.17. Figures 3.16 and 3.18 show
the fractional abundances of some observed extragalactic oxygen-bearing species, in
models G, L and S, as a function of time. The species seen in Figure 3.16 are not
good metallicity tracers, in general. The fractional abundances produced by models G,
L and S are often similar, and there is crossover between the models. Figure 3.16(a)
shows that H2O could potentially be used to identify low metallicity dark clouds at
steady state. The fractional H2O abundance is fairly high in all three models, and
from around 3×106 years onwards the abundance is each model can be distinguished
from the others. If a dark cloud with an evolved chemistry was observed in another
galaxy, an H2O observation could be used to estimate the underlying metallicity. Fig-
ure 3.16(e) shows that H2CO inversely traces the underlying metallicity from 106 years
onwards. The fractional abundances produced are quite low (between 10−9 and 10−12),
but as the H2CO abundance increases with decreasing metallicity, it may be possible
to observe this species in dark clouds in other galaxies. Figure 3.17 shows the frac-
tional H2CO abundance between 105 and 108 years, in models G, L and S. It can be
seen that the steady state abundances in models G and L are very similar. These values
could probably not be distinguished from one another in an observation. The fractional
H2CO abundance could thus be used to provide a lower limit to the underlying metal-
licity of a cloud. Figure 3.18 shows the fractional abundances of HCO and HCO+ as
a function of time, in models G, L and S. Figure 3.18(a) shows that HCO appears to
trace the underlying metallicity of the cloud, to some extent. This species could poten-
tially be used to estimate underlying metallicity from around 1×106 years onwards, as
the chemistry approaches a steady state, as the three models produce fractional HCO
abundances which differ by a factor of a few. The fractional abundances of HCO are
fairly low at all times (between 10−11 and 10−13 at steady state), and it therefore may not
be possible to observe this species in another galaxy. At early time, the HCO fractional
abundance could be used to provide limits to a cloud’s underlying metallicity, if the age
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Figure 3.16: The H2O, H3O+, CO+, HOC+, H2CO and CH3OH fractional abundances in
models G, L and S.
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Figure 3.17: The H2CO fractional abundance between 105 and 108 years, in models G, L,and
S.
of the cloud were known accurately. For example, an observation of a fractional HCO
abundance of 5×10−12 could only come from a low metallicity cloud such as in model
S, in the time period 103-105 years. As seen in Figure 3.18(b), the fractional HCO+
abundance produced by the three models is very similar from around 3×104 years on-
wards. This species could not be used to trace the underlying metallicity. However,
this species is potentially a useful tracer as part of a ratio with CO. This is discussed
further in Section 3.4.7.
Figure 3.18(c) shows the fractional OH abundance as a function of time in mod-
els G, L and S. This species is the best tracer of underlying metallicity amongst the
oxygen-bearing species. Beyond 3×105 years, the fractional OH abundance inversely
traces the underlying metallicity. The fractional abundances seen differ by a factor of a
few between the models, and the species is abundant (the fractional abundances in the
models vary between 10−6 and 10−8 at steady state). OH could therefore be a useful
metallicity tracer in a dark cloud with a steady state chemistry. Before 3×105 years,
OH is not a useful metallicity tracer, as the fractional abundances in the three models
are similar, and have some crossover. Table 3.21 provides a summary of the oxygen-
bearing species, and their ability to trace the underlying metallicity of a dark cloud.
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Figure 3.18: The HCO, HCO+ and OH fractional abundances in models G, L and S.
3.4.6 Species containing sulphur
Figures 3.19 and 3.20 show the fractional abundances of some sulphur-bearing spe-
cies in models G, L and S. It can be seen that at steady state, all these species trace
the underlying metallicity, with the highest fractional abundance being seen in model
G, and the lowest in model S. The species in Figure 3.19 contain oxygen and sulphur
only. These species could not be used to trace metallicity at early time, as the frac-
tional abundances in the three models cross over at certain points, and the abundances
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Species Early-time tracer? Steady state tracer?
H2O No Yes
H3O+ No No
CO+ No No – low abundance
H2CO No Yes – could provide lower limit
HOC+ No No
CH3OH No No
HCO Possibly No – low abundance
HCO+ No No
OH No Yes
Table 3.21: A summary of the oxygen-bearing species and their potential as metallicity tracers.
produced in the models are very similar. At steady state, these species have reasonably
high and distinct fractional abundances. They could be used as metallicity tracers for
clouds older than 2×106 years, where the chemistry has reached a steady state.
The species in Figure 3.20, namely CS, H2S, H2CS and OCS, have distinct fractional
abundances for each model at all times. The species CS, H2CS and OCS all contain
both carbon and sulphur. It appears that these two elements in combination produce
species which are closely linked to the underlying metallicity. The underlying sulphur
abundance provides a limiting factor, as it is less abundant than the carbon, hydrogen
and oxygen, but the underlying carbon abundance also plays a role. Although all the
species in Figure 3.20 produce distinct fractional abundances in each model at each
time, there are some common values between the model outputs which prevent these
species being used as metallicity tracers at early time. For example, in Figure 3.20(a)
between 104 and 105 years, the CS fractional abundance is 1×10−9 in models G, L
and S at various times. Unless the age of a cloud could be extremely accurately de-
termined, these species are therefore not useful as metallicity tracers at early time. At
steady state, all these species trace the underlying metallicity of the cloud. The best
metallicity tracers are abundant, and have values which are easily distinguished from
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Figure 3.19: The SO and SO2 fractional abundances in models G, L and S.
one another. As discussed earlier, at a rough estimate, a fractional abundance greater
than 10−10 could be observed in an extragalactic dark cloud. Of the species in Figure
3.20, OCS is perhaps the best metallicity tracer at steady state. This species reaches a
steady state a little earlier than the other species, at around 106 years. The fractional
abundances are above 10−11 in each model, and they differ by around one order of
magnitude from model to model. Table 3.22 summarises the sulphur-bearing species
examined, and their potential as tracers of the underlying metallicity in a dark cloud.
Species Early-time tracer? Steady state tracer?
SO No Yes
SO2 No Yes
CS No Yes
H2S No Possibly – low abundance
C2S No No – low abundance
H2CS No Possibly – low abundance
OCS No Yes
Table 3.22: A summary of the sulphur-bearing species and their potential as metallicity tracers.
114 ASTROCHEMICAL MODELLING OF LOW METALLICITY SFRs
3.4: RESULTS FROM THE NK DARK CLOUD MODELS
 1e-20
 1e-18
 1e-16
 1e-14
 1e-12
 1e-10
 1e-08
 1e-06
 1  10  100  1000  10000  100000  1e+06  1e+07  1e+08
Fr
ac
tio
na
l a
bu
nd
an
ce
 re
la
tiv
e 
to
 H
2 
de
ns
ity
Time (yr)
G.dat[CS]
LMC.dat[CS]
SMC.dat[CS]
(a) CS
 1e-20
 1e-18
 1e-16
 1e-14
 1e-12
 1e-10
 1  10  100  1000  10000  100000  1e+06  1e+07  1e+08
Fr
ac
tio
na
l a
bu
nd
an
ce
 re
la
tiv
e 
to
 H
2 
de
ns
ity
Time (yr)
G.dat[H2S]
LMC.dat[H2S]
SMC.dat[H2S]
(b) H2S
 1e-24
 1e-22
 1e-20
 1e-18
 1e-16
 1e-14
 1e-12
 1e-10
 1e-08
 1  10  100  1000  10000  100000  1e+06  1e+07  1e+08
Fr
ac
tio
na
l a
bu
nd
an
ce
 re
la
tiv
e 
to
 H
2 
de
ns
ity
Time (yr)
G.dat[C2S]
LMC.dat[C2S]
SMC.dat[C2S]
(c) C2S
 1e-24
 1e-22
 1e-20
 1e-18
 1e-16
 1e-14
 1e-12
 1e-10
 1e-08
 1  10  100  1000  10000  100000  1e+06  1e+07  1e+08
Fr
ac
tio
na
l a
bu
nd
an
ce
 re
la
tiv
e 
to
 H
2 
de
ns
ity
Time (yr)
G.dat[H2CS]
LMC.dat[H2CS]
SMC.dat[H2CS]
(d) H2CS
 1e-24
 1e-22
 1e-20
 1e-18
 1e-16
 1e-14
 1e-12
 1e-10
 1e-08
 1  10  100  1000  10000  100000  1e+06  1e+07  1e+08
Fr
ac
tio
na
l a
bu
nd
an
ce
 re
la
tiv
e 
to
 H
2 
de
ns
ity
Time (yr)
G.dat[OCS]
LMC.dat[OCS]
SMC.dat[OCS]
(e) OCS
Figure 3.20: The CS, H2S, C2S, H2CS, and OCS fractional abundances in models G, L and S.
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Figure 3.21: The HCO+ fractional abundance and HCO+/CO ratio in models G, L and S.
3.4.7 Ratios of species
Some species in the NK dark cloud models are not metallicity tracers when observed
alone, but can be used as metallicity tracers as part of a ratio.
HCO+/CO
The CO abundance can be used in conjuction with other species as part of a ratio, to
trace the underlying metallicity of a dark cloud. Figure 3.21(a) shows the fractional
HCO+ abundance in models G, L and S. It can be seen that the abundances are fairly
similar in all three models, particularly from 104 years onwards. The species could
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Figure 3.22: The HCO+/CO fractional abundance in models G, L, S and DC1 - DC9. Figure
3.22(b) shows the same data between 105 and 106 years only.
not be used as a metallicity tracer, as the fractional abundances in the different models
are too similar, and there is crossover between the models at different times. However,
Figure 3.21(b) shows that the ratio HCO+/CO can be used as a metallicity tracer, as
the flat gradient of the lines allows the different models to be easily distinguished from
around 5×104 years onwards. Before 5×104 years, models G, L and S have extremely
similar HCO+/CO ratios. Figure 3.21(c) shows the HCO+/CO ratio between 104 and
106 years. It can be seen that the ratio in each model occupies a distinct region with
no crossover between the G, L and S model ratios. The underlying metallicity used in
the models could therefore potentially be determined using this graph. The relation-
ship between HCO+/CO and the underlying metallicity is inverse. The most metallic
model, G, has the lowest HCO+/CO ratio, and the model with the lowest metal abund-
ance (model S) has the highest ratio.
Figure 3.22(a) shows that the evolution of the HCO+/CO ratio is extremely similar in
all of the models. The ratio itself is barely affected by the underlying metallicity until
around 5×104 years, when the ratio increases dramatically. The extent of the increase
is proportional to the metallicity/underlying M abundance of the model. The ratio is
then seen to be fairly constant in each model, before the chemistry reaches steady state.
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However, a given ratio is not always exclusively linked to one model during this time
frame. For example, an HCO+/CO ratio of 2.14×10−5 can be seen in both models
G and DC2 between 104 and 105 years. This means that instead of linking an ob-
served HCO+/CO ratio to one underlying metallicity, the observation could be used to
estimate an underlying metallicity range. If the age of the dark cloud where the obser-
vations were made was known fairly accurately, then the underlying metallicity could
be determined more definitively. As an illustration of this, Figure 3.22(b) shows the
HCO+/CO ratio for the different models during the time frame 105-106 years. Between
these times, the range of HCO+/CO ratios produced by each model is much narrower,
and so identifying the underlying metal abundance from an observed ratio becomes
more precise.
The HCO+/CO ratio appears to scale with the heavy metal abundance (M) in the mod-
els. This can be used to deduce the electron abundance and hence the fractional ionisa-
tion of a cloud. Figure 3.23 shows the HCO+/CO ratio taken at 1.26×106 years for all
the models shown in Table 3.1. The ratio for each model is plotted against the natural
log of the underlying fractional M abundance in that model. The data can be fitted with
a straight line, with the equation:
ln (M/H2) = −12451.45x − 17.82 (3.1)
where x is the HCO+/CO ratio at 1.26×106 years in that model, and M/H2 is the under-
lying heavy metal abundance. The Pearson correlation coefficient (R2) for this relation-
ship is 0.998, which shows strong correlation between the two variables. At 1.26×107
years, the relationship is still very similar, as seen in Figure 3.24(d). At 1.26×105
years, the data does not fit as well to a straight line, with a Pearson correlation coef-
ficient (R2) of 0.952. However, this still shows a reasonable fit, and the underlying
M abundance could be estimated by either using the line shown in Figure 3.24(b), or
by fitting a more suitable function to the data. The line parameters and Pearson coef-
ficients for the straight line fits to these data are shown in Table 3.23. This shows
that at any time beyond 1.26×105 years, the HCO+/CO ratio provides a useful tracer
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Figure 3.23: The HCO+/CO ratio taken at 1.26×106 years for models G, L, S, and DC1-DC9
is plotted against the natural log of the underlying M abundance in the appropriate model.
of the underlying M abundance in a cloud. However, at earlier times the relationship
between the HCO+/CO ratio and the underlying M abundance is completely different.
Figure 3.24(a) shows the relationship at 1.26×104 years. There is no obvious func-
tion to approximate the correlation between the HCO+/CO ratio and the underlying M
abundance at this time. Although, at higher values of the HCO+/CO ratio, the under-
lying heavy metal abundance could be estimated using this graph. At 105 years, the
relationship between the HCO+/CO ratio and the underlying heavy metal abundance is
represented by the line shown. This graph could be used to estimate the underlying M
abundance, from observations of HCO+ and CO. The relationship is not linear at this
time, although it becomes linear as the chemistry reaches steady state. HCO+/CO is
most useful as a metallicity tracer if the cloud is thought to be older than 105 years,
and may only produce approximate results if using a straight line fit.
Figure 3.22(a) shows that the HCO+/CO ratio becomes flatter as metallicity becomes
lower. At very low metallicities, the ratio is the same between approx 105 years to
108 years. At Galactic abundances, the ratio remains similar over this time period but
is not constant. It increases between 105 and 106 years before reaching steady state
sometime after this. The lower metallicity models reach steady state at an earlier time
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Figure 3.24: The correlation between the HCO+/CO ratio and the underlying M abundance in
models G, L, S, and DC1-DC9.
1.26×104yrs 1.26×105yrs 1.26×106yrs 1.26×107yrs
Slope 2015432.27 -12993.84 -12451.45 -13580.21
Intercept -26.614 -18.122 -17.822 -17.679
R2 0.654 0.952 0.998 0.999
Table 3.23: The line parameters and Pearson correlation coefficient values for the linear re-
lationship between HCO+/CO and the natural log of the underlying M abundance in the dark
cloud models, at various times.
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than the higher metallicity models. This means that the steady state abundances could
be used to estimate the underlying M abundance using observations from a dark cloud
in a galaxy at very low metallicity.
The M abundance is the sum of the underlying abundances of Mg+, Na+ and Fe+. In
the model, these ions are involved in electron transfer only, and do not react to form
any species other than their neutral atoms and positive ions. The underlying M abund-
ance can therefore be used to estimate the electron abundance in a cloud, and hence
the proportion of charged species within it, or ‘fractional ionisation’ of the cloud. As
discussed in Chapter 1.2.1, this parameter is thought to be useful in determining the
collapse timescale of a cloud. Figure 3.25(a) shows the fractional abundances of HCO+
and e− in models G, L and S. It can be seen that as the HCO+ abundance increases in
all the models, the e− abundance decreases. The HCO+ and e− graphs for each model
asymptotically approach a value of y=3x10−8.
The cosmic ray ionisation rate is a parameter which affects the electron abundance in
the dark cloud model. As such similar electron abundances were seen in the G, L and S
models, a set of models with a higher CR ionisation rate of 1.3x10−16 s−1 was run. The
CR ionisation rate is poorly constrained, particularly for extragalactic regions. This
value is used to test the effect of an order of magnitude change in CR ionisation rate
on the chemistry. These models had the same initial abundances and physical inputs as
the models G, L and S, seen in Tables 2.2 and 3.1. The models are henceforth denoted
GHCR, LHCR and SHCR to show their higher CR ionisation rate. Figure 3.25(b)
shows the electron and HCO+ abundances in the HCR models. When compared with
Figure 3.25(a), it can be seen that the electron abundance has a wider spread between
the HCR models than between the initial set of GLS models. The HCR models reach
steady state at a similar time to the GLS models, for both e− and HCO+. It can be
seen in Figure 3.25(b) that the electron abundance is related to the HCO+ abundance in
each model, as the HCO+ and e− graphs for each HCR model asymptotically approach
a value of y=2x10−8. This “reflection line” value is slightly lower than that seen in
Figure 3.25(a) and must result from the change in the CR ionisation rate, as this is the
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Figure 3.25: The fractional abundances of HCO+, e− and CO in models G, L, S, GHCR,
LHCR and SHCR.
only parameter which has been changed in the HCR models. It thus appears that the
higher CR ionisation rate changes the steady state chemical equilibrium in the HCR
models. The spread of values is increased for both HCO+ and e− in the HCR models.
A steady state analysis of the GLS and HCR models shows that the e− abundance is
6.5 times larger in the GHCR model than the G model, and the HCO+ abundance is 7
times smaller in the GHCR model than in the G model. The similiarity in these num-
bers suggests that an increase in the steady state e− abundance leads to a reduction in
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Figure 3.26: The HCO+/CO ratio in models G, L, S, GHCR, LHCR and SHCR.
the steady state HCO+ abundance. The CR ionisation rate was increased by an order
of magnitude, and the changes in the e− and HCO+ abundances approximately reflect
this. The LHCR and L model e− abundances differed by a much smaller factor, with
the fractional e− abundance being 60% higher in the LHCR model. The HCO+ frac-
tional abundance in model L was twice as big as that in model LHCR, again showing
a link between the e− and HCO+ abundances. In the SHCR and S models, the steady
state fractional e− abundance differed by around 2%, being slightly larger in the SHCR
model. The fractional HCO+ abundance is 70% bigger in the S model.
In the dark cloud model, the e− abundance is a conserved parameter, which forces the
model to conserve charge. The strongest influence on the e− abundance in the model
is the initial proportion of charged species. The increase in steady state e− abundance
seen in the GHCR model is a result of the increased CR ionisation rate which causes
the chemistry to reach steady state at a different equilibrium to the G model. The effect
of this on the LHCR and SHCR models is less strong, as there are fewer metals in
the models to transfer the increased charge between species. It seems the effects of a
change in CR ionisation rate are felt less strongly at lower metallicity. This is useful,
as the CR ionisation rate is not well-known for extragalactic regions. If the HCO+
and CO abundances are not strongly affected by a change in CR ionisation rate at low
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Figure 3.27: Part of the reaction network in the GLS models. This shows the reactions which
govern the HCO+/CO ratio from approximately 5×104 years onwards.
metallicity, then the HCO+/CO ratio could be a very useful tracer of heavy metals un-
der these conditions.
From Figure 3.25(c), it can be seen that the equilibrium chemistry for CO is not af-
fected by the CR ionisation rate. At both early time and steady state, the GLS models
and their counterpart HCR models have extremely similar abundances of CO.
The steady state HCO+ fractional abundance for the two sets of models is seen in
more detail in Figure 3.29. It can be seen that the HCO+ abundance is at higher in the
GLS models than in the corresponding HCR models. The steady state abundance of
HCO+ in models G, L and S exists over a smaller range than the fractional abundances
in the HCR models. The chemical networks which govern the HCO+ and CO abund-
ances in the GLS and HCR models are shown in Figures 3.27 and 3.28 respectively.
The reactions involved in these networks are listed in full in Table 3.24, along with
their rates.
In the GLS models, the HCO+ abundance at steady state is governed by reaction 1, as
seen in Figure 3.27. The rate of this reaction determines the rate at which HCO+ is
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Figure 3.28: Part of the reaction network in the HCR models. This shows the reactions which
govern the HCO+/CO ratio from approximately 5×104 years onwards.
Reaction number Reaction GLS Rate HCR Rate
1 CO + CRP −→ CO+ + e− 3.90E-17 3.90E-17
2 CO+ + H2 −→ HOC+ + H 7.50E-10 7.50E-10
3 CO+ + H2 −→ HCO+ + H 7.50E-10 7.50E-10
4 HOC+ + H2 −→ HCO+ + H2 3.80E-10 3.80E-10
5 HCO+ + e− −→ CO + H 2.51E-06 2.51E-06
6 CO + CRPHOT −→ O + C 3.41E-15 3.41E-14
Table 3.24: The reactions which govern the HCO+/CO ratio in the dark cloud models. The
numbers are referred to in Figures 3.27 and 3.28. CRPHOT refers to a cosmic-ray photon, and
CRP to a cosmic-ray proton, as used in Woodall et al. (2007).
formed, as the CO+ which is a product of reaction 1 quickly goes on to form HCO+
via reactions 2 and 3. Reaction 1 has the slowest rate, and is thus the rate determining
step.
In the HCR models, the HCO+/CO ratio is much more strongly affected by reaction 6,
as seen in Figure 3.28. This reaction is enhanced in the HCR models, as the number
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Figure 3.29: The steady state HCO+ abundance in models G, L, S, GHCR, LHCR and SHCR.
density of CR induced photons is increased by the higher CR ionisation rate. The re-
action rate is increased by an order of magnitude, when compared with the rate in the
GLS models. For this reason, more of the CO which is destroyed is photodissociated
to atomic carbon and oxygen. This changes the HCO+/CO ratio considerably. In the
GLS models, much of the CO which is destroyed becomes HCO+, as seen in Figure
3.27, and the two species form an interdependent quasi-steady-state chemistry from
around 5×104 years. In the HCR models, more of the CO which is destroyed becomes
atomic carbon and oxygen. Although this will be eventually be formed into species
including CO and HCO+, this obviously reduces the HCO+/CO ratio when compared
with the GLS models.
It can be shown by the differences between the GLS and HCR model results that the
HCO+/CO ratio does trace metallicity. However, in some instances this ratio is more
sensitive to changes in the CR ionisation rate than change in the underlying metalli-
city. A further investigation of the effect of the CR ionisation rate on the model results
would be interesting, and could provide a method for determining the CR ionisation
rate in other galaxies.
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Comparison with Caselli et al. (1998)
Langer (1985) used steady state chemical models to show that the DCO+/HCO+ and
HCO+/CO ratios can be used to estimate the underlying fractional ionisation of a dark
cloud and the CR ionisation rate in the region. Caselli et al. (1998) constructed a for-
mula which allows the underlying fractional ionisation and CR ionisation rate to be
calculated from these ratios at steady state. The results from the NK models indic-
ate that this relationship holds for early time as well as steady state. Although there
is no deuterium chemistry in the model, the HCO+/CO ratio has a high level of cor-
relation with the underlying M abundance. A chemical model investigation into the
DCO+/HCO+ ratio at early time could be used to verify if this relationship holds at
early time as well as steady state. This could provide the basis for future work.
CO/H3O+
The CO/H3O+ abundance ratio for models G, L and S is seen in Figure 3.30(a). This
ratio is a useful metallicity tracer from around 3×104 years onwards, as it is fairly
constant in each model beyond this time. The ratio is highest in model G (the highest
metallicity model), and lowest in model S. The age of a typical dark cloud is estimated
to be around 1×105 years, and so this ratio could prove useful in determining the un-
derlying metallicity of a dark cloud. Between 3×104 and 5×105 years, there is some
crossover in CO/H3O+ value ranges for models G and L. This means that unless the
age of a dark cloud could be accurately determined, the CO/H3O+ ratio could only
be used to provide a range for the underlying metallicity, rather than a specific value.
For example, if an observation of the ratio gave a value of 2.6×104, and the age of
the dark cloud was not certain, then this could indicate a metallicity similar to the G
or L models. This provides a range of values for the underlying metallicity, but not a
definitive value. At steady state, the ratios in the three models are easily discernable,
as they differ by a factor of a few between models. Figure 3.30(b) shows the CO/H3O+
ratio in the DC1–DC6 models. It can be seen that the ratio decreases with decreasing
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Figure 3.30: The CO/H3O+ ratio in models G, L, S and DC1-DC6.
metallicity across the whole range of models shown here.
The CO/H3O+ ratio correlates with the underlying carbon abundance in the dark cloud
models. Figure 3.31 shows this correlation at various times in the model. The line para-
meters and Pearson correlation coefficients are shown in Table 3.25. These figures, and
straight line equations, could be used to estimate the underlying carbon abundance in
a dark cloud, if observations of the CO and H3O+ abundances were made.
1.26×104yrs 1.26×105yrs 1.26×106yrs 1.26×107yrs 1.26×108yrs
Slope 2.19 1.15 0.98 0.91 0.89
Intercept -33.19 -20.39 -19.33 -18.73 -18.53
R2 0.963 0.997 0.995 0.999 0.999
Table 3.25: The line parameters and Pearson correlation coefficient values for the linear re-
lationship between the natural log of CO/H3O+ and the natural log of the underlying carbon
abundance in the dark cloud models, at various times.
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(d) CO/H3O+ at 1.26×107 years
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(e) CO/H3O+ at 1.26×108 years
Figure 3.31: The correlation between the CO/H3O+ ratio and the underlying carbon abundance
in models G, L, S and DC1–DC9, at various times.
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(a) OH/CO in models G, L and S
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Figure 3.32: The OH/CO ratio in models G, L, S and DC1-DC6.
OH/CO
The fractional abundance of OH/CO is shown as a function of time for the models G,
L and S in Figure 3.32(a). The abundance ratio OH/CO is a good metallicity tracer
from around 105 years onwards. Figure 3.32(b) shows the OH/CO ratio for the models
G, L, S and DC1-DC6. It can be seen that for most of these models, there is a defin-
itive range of OH/CO values which identify that model (and therefore, the underlying
metallicity). For some of the models shown, e.g. DC4 and DC5, an observed OH/CO
ratio of 0.001 could indicate the underlying metallicity in either model, as this number
is included in the range for both models. If the age of the cloud is unknown, this result
can be used to provide a constraining range of values for the underlying metallicity,
rather than a definitive metallicity value. The abundances of both OH and CO are also
sufficiently high as to be observable, which is an important consideration when identi-
fying a tracer. Figure 3.18(c) shows that the fractional OH abundance increases with
decreasing metallicity, so it is likely that this species could be observed, even in dark
clouds with very low metallicity. However, OH and CO gas are not typically observed
together, owing to the very different frequencies at which they are observed - typically
1.7GHz for OH (e.g. Cappa de Nicolau & Poppel 1991, Crutcher et al. 1993) and
115GHz for CO (e.g. Young et al. 1982, Thampi & Dave 2006). This makes the result
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less useful, as two separate observations would be needed to investigate this ratio in a
dark cloud.
Figure 3.33 shows the OH/CO ratio as a function of the underlying fractional carbon
abundance in models G, L, S and DC1–DC9, at various times. This ratio seems to
trace the underlying carbon abundance even at 104 years. However, Figure 3.32(b)
shows that at 104 years, the OH/CO ratio is still changing, particularly in the more
metallic models, and so the results from Figure 3.33(a) are not very useful. Figures
3.33(b) - 3.33(e) show the relationship between OH/CO and the underlying carbon
abundance from 105 years onwards. Observed values for the OH/CO ratio from dark
clouds in other galaxies, or low metallicity regions, could be used in conjunction with
these graphs to estimate the underlying carbon abundance in a dark cloud. This could
be done most accurately if the age of the cloud were known. Overall, the OH/CO ratio
could be a reasonably useful tool for estimating the underlying carbon abundance in a
dark cloud.
3.5 Estimating the Age of a Dark Cloud
Figure 3.34 shows the NH3/C+ and NH3/CH+ ratios for models G, L and S. It can be
seen that these ratios increase with increasing chemical age of the dark cloud, and that
the increases are largely independent of temperature. If these species were observed
in a dark cloud, and a ratio made, this could be used to constrain the chemical age of
the dark cloud. The fractional NH3 abundance increases with time, as atomic nitrogen
becomes hydrogenated to form NH3. The C+ and CH+ fractional abundances decrease
with time, as more of the carbon becomes locked-up in the stable CO molecule. The
balance between the NH3 and the C+/CH+ abundances thus changes steadily with time,
and each provides a ratio which can be used to estimate the chemical age of the dark
cloud.
Suzuki et al. (1992) proposed that the C2S/NH3 ratio could be used as an indicator of
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Figure 3.33: The OH/CO ratio as a function of the underlying carbon abundance in models G,
L, S and DC1–DC9 and the underlying C abundance in each model, at various times.
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Figure 3.34: The NH3/C+ and NH3/CH+ ratios in models G, L and S. These ratios appear
to be largely independent of underlying metallicity. If observed, these ratios could be used to
estimate the age of a dark cloud.
dark cloud evolution. Figure 3.35 shows the C2S/NH3 for models G, L and S. The
ratio could be used to constrain the age of a dark cloud, as if a ratio greater than 1 were
observed (as seen in Figure 3.35(b)) then the age of the dark cloud could be assumed to
be within the range 2×103 and 2×104 years, irrespective of the underlying metallicity
of the dark cloud.
3.6 Conclusions
The different chemical evolution seen in each model for various species (e.g. CO+,
HCO, NS) demonstrates that a change in the underlying metallicity of a region does
not translate directly into scaling up or down the expected abundances for a dark cloud.
If the metallicity is halved in a model, the fractional abundances of each species will
not automatically be halved. This is because the chemical network used in the models
has many interdependencies, and when the amount of one species is reduced, a differ-
ent reaction may dominate and cause an unexpected increase in another species.
The model results show that many abundant species (e.g. NH3 and C2H) are poor
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Figure 3.35: The C2S/NH3 ratio in models G, L and S. If observed, this ratio could be used to
constrain the age of a dark cloud.
metallicity tracers.
Several species (e.g. HCN, HNC, H2O, SO) could be used as metallicity tracers if the
age of a dark cloud were specifically known. However, these species could not be used
if the cloud age/chemical evolution were uncertain.
Some ratios of species could be used to determine the underlying metallicity of a dark
cloud, provided the cloud were older than a minimum age (different for each ratio).
The HCO+/CO ratio traces the underlying heavy metal (M) abundance of a cloud,
and hence could give information regarding the fractional ionisation of a cloud. The
CO/H3O+ and OH/CO ratios trace the underlying carbon abundance in a dark cloud.
These results can potentially be extrapolated, so that tracer ratios observed in galaxies
at high redshift can be used to estimate the underlying metallicity of an extragalactic
dark cloud.
The chemical age of a dark cloud can be estimated using the NH3/C+ and NH3/CH+
ratios. The ratios increase with increasing chemical age, and appear to be independent
of underlying metallicity.
The results from the NK dark cloud model represent a single point with high visual
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extinction, assumed to be at the centre of a dark cloud. In reality, a dark cloud is likely
to exist as part of a larger cloud complex, with a lower visual extinction in the outer
regions. For example, a dark cloud could be embedded within a more diffuse cloud.
The observed values predicted here only apply to the dark cloud environment, and the
chemistry seen in a more diffuse cloud may be quite different. For example, a lower
visual extinction would allow more photoreactions to occur within the cloud. Larger
species would be broken down, and so lower abundances of these species would oc-
cur. More charged species, e.g. C+, would exist in a dark cloud with a lower density
and visual extinction. A more elaborate model, with a density/visual extinction gradi-
ent could be used to more accurately reflect observations which could be made in an
extragalactic star-forming region. This could form the basis of future work.
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4Hot core modelling at low metallicity
4.1 Introduction
A pseudo-time dependent gas-grain hot core model has been used to model a hot core
under conditions thought to be typical of such a region in the Galaxy, the Large Magel-
lanic Cloud and the Small Magellanic Cloud.
As described in Section 2.4, the Hot Core Model consists of two stages – the first
models the isothermal collapse of a dark cloud, the second is the Multidepth Hot Core
model. The temperature profile seen in Figure 2.2 is applied to the Multidepth Model.
This approximation assumes an instantaneous temperature increase throughout the hot
core, when the protostar “switches on”. The hot core model used in this thesis contains
a well-defined physical structure which represents a progression from models such as
Millar et al. (1997b). The model used in Millar et al. (1997b) contained a number of
concentric shells and a density/temperature gradient, similar to that seen in the model
used in this thesis. However, the models used here contain a greater number of shells,
and hence more detailed information about the radial hot core structure. The instantan-
eous temperature increase which is assumed at the start of Multidepth phase of this hot
core model is unlikely to be a truly accurate reflection of the physical processes which
occur in reality. Viti & Williams (1999) created a hot core model in which the protostar
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switching on results in a gradual temperature rise. The Viti & Williams (1999) model
incorporated a less complex surface chemistry than that used in this thesis. Viti & Wil-
liams (1999) found that the first 60,000 years were affected by the gradual temperature
increase, and that at times greater than 60,000 years the chemistry was not affected
by the speed of the temperature increase. In this thesis, the chemistry is generally ex-
amined at 104, 105 and 106 years. The findings of Viti & Williams (1999) serve as a
caveat to the results of the hot core models at 104 years. However, the results at 105
and 106 years should not be affected by the instantaneous temperature increase used in
this model.
4.1.1 The Chemistry in the Hot Core Model
The same chemical reaction network is used in both stages of the Hot Core Model.
The reaction network includes all 4605 gas-phase reactions from the UMIST Rate 06
database (Woodall et al., 2007), as well as 63 gas-phase reactions as used in Tideswell
et al. (2010) to model gas-phase HNCO. The grain surface chemistry consisted of a
network of 273 reactions (Allen & Robinson 1977; Hasegawa et al. 1992; Hasegawa
& Herbst 1993b; Garrod et al. 2008) which were added to the model by Tideswell et al.
(2010). The number of gas-phase species used in the model is 420, and the number of
grain surface-species is 215.
The Chemical and Physical Input Parameters
Twelve models were run, with varying initial chemical abundances, dust/gas ratio and
visual extinctions. From these models, three were selected to model a typical hot core
in the Galaxy, the LMC and the SMC. These models are discussed in this chapter, along
with some of the other models which were used to isolate certain effects, for example
the effect of changing the input abundances without changing the dust/gas ratio.
Two Galactic models are included in this chapter. The input parameters used in these
models, along with the other models which are discussed, are included in Table 4.1.
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The Galactic model, G1, uses input abundances taken from Hubble Space Telescope
observations of Galactic interstellar clouds. Another Galactic model, G TMC, is also
included. The initial elemental abundances used in the G TMC model come from
Woodall et al. (2007). These abundances are representative of the Taurus Molecular
Cloud, a Galactic star-forming region which contains depleted abundances of most
elements. The initial abundances used in these models, as well as the LMC and SMC
models, are shown in Table 4.1.
Observations of HII regions in the LMC and SMC were used to determine the initial
elemental abundances of carbon, oxygen, nitrogen and sulpur used in the LMC and
SMC Collapse models. The initial S abundances used in these models were depleted
using a ratio of 217. This ratio was found by comparing the Galactic S abundance in an
HII region (Garcı´a-Rojas et al., 2007) with the Galactic S abundance in a depleted dark
cloud (Woodall et al., 2007). This depletion factor was used in an attempt to produce
model results which accounted for the sulphur depletion problem, as discussed by
Ruﬄe et al. (1999). The heavy metal (in the form of Fe in these models) abundances
for the LMC and SMC models were taken from Lebouteiller et al. (2008). These
abundances were depleted by a factor of 166. This factor is taken from Okada et al.
(2008), and represents the depletion of Fe between an HII region and a star-forming
region. The iron is depleted as it is incorporated into the dust grains. These initial
abundances, and the physical parameters used, can be seen in Table 4.1. Millar &
Herbst (1990) and Stanimirovic et al. (2000) were used to choose the dust/gas ratios
for the LMC and SMC respectively. The input abundances used in the Multidepth
Model are taken from the output of the Collapse Model, at the appropriate density.
Some example species are shown in Table 4.2. The species which begin with the letter
G are grain-surface species. It can be seen that the fractional abundances of many of
the species are very low. The atomic species freeze out onto the grain surfaces very
quickly within the isothermal collapse model (within the first few thousand years). This
allows for little formation of molecular gas. Once the atomic elements have adhered
to the grain surface, they are most likely to react with hydrogen. This results in large
NADYA KUNAWICZ 139
4: HOT CORE MODELLING AT LOW METALLICITY
Model C O N S Fe DUST EXT
G11,2,3 1.32E-004 3.19E-004 7.50E-005 8.57E-008 1.50E-008 1 1
G TMC4 7.30E-005 1.76E-004 2.14E-005 4.00E-008 2.10E-008 1 1
L14,5,6 7.94E-005 2.51E-004 7.94E-006 2.30E-008 1.05E-008 1 1
L24,5,6 7.94E-005 2.51E-004 7.94E-006 2.30E-008 1.05E-008 0.25 0.25
S14,5,7 2.51E-005 1.00E-004 3.16E-006 9.16E-009 1.82E-009 1 1
S24,5,7 2.51E-005 1.00E-004 3.16E-006 9.16E-009 1.82E-009 0.03 0.03
Table 4.1: The Hot Core Collapse Model Input Abundances relative to the total number of
hydrogen nuclei. 1Savage & Sembach (1996); 2Meyer et al. (1997); 3Meyer et al. (1998);
4Woodall et al. (2007); 5Garnett (1999), Garcı´a-Rojas et al. (2007), Lebouteiller et al. (2008),
Okada et al. (2008); 6Millar & Herbst (1990); 7Stanimirovic et al. (2000). The ‘DUST’ para-
meter shows the dust/gas ratio used in that model, as a proportion of that used in the G1 model.
The ‘EXT’ parameter shows the visual extinction used in that model, as a proportion of that
used in the G1 model.
amounts of hydrogenated species forming – example, atomic carbon forms CH, CH2,
CH3 and CH4 on the grain surfaces. These hydrogenated species are returned to the
gas phase when the protostar switches on. They tend to be destroyed quite quickly by
species such as atomic oxygen and OH.
4.2 The Galactic Hot Core Models
The initial elemental abundances used in the G1 and G TMC models can be seen in
Table 4.1, as can the references from where the abundances came. It can be seen that
the Galactic (G1) model has higher abundances of all elements, except Fe, than the G
TMC model. The dark cloud TMC-1 is thought to be depleted in most elements, to
some extent (Woodall et al., 2007), compared with an ‘average’ Galactic star forming
region. The purpose of running models G1 and G TMC was to investigate the effects of
this depletion on the model results. The species analysed are those which are abundant
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Fractional Abundance to H
Species Shell 1 Shell 9 Shell 17
CO 4.09E-015 4.45E-014 8.36E-010
GCO 6.22E-008 6.25E-008 6.80E-008
CS 1.12E-019 1.02E-018 2.06E-014
GCS 2.15E-025 1.79E-024 1.88E-020
CH3OH 0.00E+000 0.00E+000 1.15E-024
GCH3OH 3.56E-006 3.56E-006 3.56E-006
HCN 3.19E-019 1.62E-018 2.67E-014
GHCN 6.65E-007 6.65E-007 6.65E-007
HNC 2.01E-020 7.88E-020 5.97E-016
GHNC 3.61E-007 3.61E-007 3.61E-007
HNCO 5.99E-020 2.85E-019 7.15E-017
GHNCO 3.12E-021 1.38E-020 3.30E-017
HC3N 0.00E+000 1.52E-025 1.18E-019
GHC3N 0.00E+000 0.00E+000 2.78E-025
HCO+ 7.36E-023 4.43E-022 2.26E-014
Table 4.2: Some example fractional abundance inputs for three shells of the Multidepth Model.
These fractional abundances come from the Collapse Model, with initial abundances taken
from model G1. The listed fractional abundances which begin with the letter G are adhered
to a grain surface. Shell 1 is the innermost shell of the hot core, and shell 17 is the outermost
shell. Shell 9 is one of the intermediate shells, roughly halfway between shells 1 and 17.
in hot cores, and likely to be observable in star-forming regions in other galaxies.
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4.2.1 Results from the Galactic Hot Core Model and the ‘TMC-1
type metallicity’ Hot Core Model
CO
As seen in Figure 4.1(a), the CO abundance in the G1 model at 104 years does not vary
much with increasing radius, with a fractional abundance of around 1.5×10−6 from
the centre up to a distance of 0.06pc. After this, the CO abundance falls dramatically,
suggesting it is readily destroyed in the outer shells of the hot core. At 105 years, the
same pattern is seen, although the abundance in the inner regions of the hot core has
increased by a factor of around 4, giving a fractional abundance of around 6×10−6. The
abundance begins to drop at around 0.04pc. At 0.07pc, a sharp decrease in abundance
leads to the CO abundance in the outer shells (approximately 0.085pc onwards) to be
the same as at 104 years. By comparing the fractional abundance graphs, it can be
seen that CO has been forming in the time interval between 104 and 105 years, in all
shells except the outer two. This shows that the CO in the outer two shells has already
reached a chemical steady state by this time. This is caused by the lower density and
higher fractional ionisation in these shells, compared with the intermediate and inner
shells of the hot core. More discussion of the behaviour in these shells can be found in
Section 4.5.10.
The CO abundance at 106 years is not as steady in the inner shells, and the abund-
ance falls, then peaks towards the edge of the hot core, with a fractional abundance of
5.6×10−5 at a distance of 0.05pc from the centre. A sharp drop in abundance follows,
and the abundance in the outermost shells is the same as in the model at 104 and 105
years. This shows that a chemical equilibrium for CO is reached more quickly in the
outer shells. The destruction and formation rates for CO in the two outer shells are
very similar, at both 105 and 106 years. The species that destroy CO in this region are
charged species only - namely, He+, H3+ and CH5+. Additionally, all the CO which is
formed in these shells at 105 and 105 years comes from the destruction of HCO+. For
all other shells at 106 years, the CO abundance is higher than at 105 years, as CO is still
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being formed in the gas phase. The uneven shape of the curve shows that more CO is
formed in some shells, and less in others. In the inner/intermediate shells of the hot
core, OH is the primary destructor species for CO at 105 and 105 years. The majority
of the CO in these shells at these times is formed from neutral HCO, the remainder
being formed from HCO+ and CO2. The neutral chemistry which dominates in the
inner/intermediate shells is slower to reach equilibrium than the chemistry of the outer
two shells. The most important results here are those for the hot core at 105 years, as
this is a typical hot core age and it is unlikely that the chemistry will evolve beyond
this point.
Figure 4.1(b) shows the CO fractional abundance for the G TMC model, at 104, 105
and 106 years. It can be seen that the abundances of CO are similar in models G1
and G TMC for all times. The greatest difference occurs at 106 years, when the CO
abundance in some of the intermediate shells in G TMC falls to a lower level than at
105 years. The lower input abundance of carbon in the G TMC model is the cause of
this. However, as stated above, it is unlikely a hot core would chemically evolve to this
point without being dissociated.
The results from models G1 and G TMC show a characteristic pattern for a Galactic-
type chemistry in a hot core - a fairly constant CO abundance across the centre, with a
reduced CO abundance (by one or two orders of magnitude) at the outer edge.
HCO+
Low fractional abundances of HCO+ are produced in the G1 model at all times, as
seen in Figure 4.2(a). At 104 years, the HCO+ abundance is fairly constant for the
inner regions of the hot core, increasing slowly up to a radius of 0.05pc. At this point,
the fractional abundance increases sharply to a maximum at 0.07pc, before decreasing
sharply again as the radius increases. The same shape is also seen at 105 and 106 years,
although the fractional abundance increases with time, showing HCO+ is formed in
the gas phase. The abundances produced in this model are very low, and may not be
high enough to detect. It is possible that at the peak abundance a detection may be
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Figure 4.1: The fractional abundance of CO to H in models G1 and G TMC at 104, 105 and
106 years.
made - if so, a ring of HCO+ would be detected at a distance of around 0.07pc from the
centre of the hot core. The HCO+ ‘spike’, or ‘ring’ at a radius of 0.07pc is caused by
reactions with H2CO, which form and (to a lesser extent) destroy HCO+, at all times
examined. A higher fractional abundance of H2CO is formed at this radius. Beyond
this radius, all of the gas phase H2CO is formed via thermal desorption from grain
surfaces. At smaller radii, H2CO is formed via neutral-neutral reactions, whereas at
0.07pc the H2CO is formed via ion-neutral reactions. These ion-neutral reactions have
faster reaction rates than the neutral-neutral reactions, and so more H2CO is formed at
0.07pc than further inside the hot core.
Figure 4.2(b) shows that the HCO+ abundance in the G TMC model behaves in a very
similar fashion to that seen in the G1 model, with respect to both depth and time. The
main difference is that there is slightly more HCO+ formed in G TMC at all times and
depths. This is because the heavy metal (Fe) abundance is higher in model G TMC.
This produces a greater proportion of charged species, such as HCO+.
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Figure 4.2: The fractional abundance of HCO+ to H in models G1 and G TMC at 104, 105 and
106 years.
HCN
The fractional abundance of HCN at 104 and 105 years is similar, as can be seen in
Figure 4.3(a). The fractional abundance is approximately 7x10−7 across most of the hot
core, from the centre up to a radius of 0.07pc. At this radius, the abundance drops, more
sharply at 104 years than at 105 years. This means that the outer layers produce HCN
in the intervening time period. As the HCN fractional abundance is fairly constant
between 104 and 105 years, it is not a useful evolution tracer, or ‘chemical clock’.
However, at 106 years, the HCN abundance changes dramatically across the whole hot
core. The HCN fractional abundance is seen to be highest at the inner and outer edges
of the hot core, with a lower abundance seen inbetween. The different shells contain
very different abundances, with some sharp jumps in abundance from one shell to the
next. This could be interpreted as the hot core shell model ‘breaking down’, as it is
unlikely that this is representative of what would happen in reality, if the shells were
not discrete.
Figure 4.3(b) shows that the behaviour of HCN in model G TMC is similar to that
seen in model G1. The HCN abundance seen at 104 and 105 years in G TMC is about
half of that seen in model G1. The C and N abundance ratios for (G TMC)/(G1) are
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Figure 4.3: The fractional abundance of HCN to H in models G1 and G TMC at 104, 105 and
106 years.
0.55 and 0.29 respectively. It is likely that the HCN fractional abundance ratio for (G
TMC)/(G1) is governed by a combination of the C and N abundance ratios between
the two models. At 106 years, the HCN abundance distribution differs between the
two models. In G TMC, the fractional HCN abundance increases at the very inner and
outer edges, and falls by a factor of 30 inbetween these peak abundances. The lower
abundance in the intermediate regions is quite flat, with a smooth transition from shell
to shell. As a whole, the hot core in G TMC at 106 years would be observed to have
a high abundance of HCN in the very centre and at the edges. If this were seen in a
region such as the TMC, it would imply the hot core contains a well-evolved chemistry,
and provide an age constraint for the hot core.
The HCN abundances seen in both models at 104 and 105 years would be observed
across the hot core as a fairly constant abundance, with a reduced fractional abundance
at the edges of the hot core. At early time, the fractional abundances seen in both
models are fairly high (between 2×10−6 and 2×10−8) and could potentially be observed.
146 ASTROCHEMICAL MODELLING OF LOW METALLICITY SFRs
4.2: THE GALACTIC HOT CORE MODELS
HNC
In the G1 model, the fractional abundance of HNC in the inner shells of the hot core
is very similar to that of HCN at all times, as can be seen by comparing Figure 4.4(a)
with Figure 4.3(a). At 104 and 105 years, the HNC abundance is lower than the HCN
abundance by a factor of 1.9. This is because HCN forms approximately twice as ef-
ficiently as HNC on the grain surfaces, during the Collapse phase, as can be seen in
Table 4.2. At 106 years the fractional abundances of HCN and HNC are very similar,
as the two species have been processed in the gas phase. Both species form HCNH+
upon reaction with charged species. HCNH+ then goes on to form HCN and HNC,
with a branching ratio of 50% in each case. By 106 years, this set of reactions leads to
equal abundances of HCN and HNC being produced. The main differences between
the species arise in the outermost shells of the hot core. The HNC abundance is stable
across the whole hot core, whereas the HCN abundance drops in the outer shells, par-
ticularly at 104 years. This is because HNC continues to be produced in the gas-phase
across the whole hot core radius, whereas HCN is mainly formed via thermal desorp-
tion from grain-surfaces in the outermost shells of the hot core. This is partly because
HCN thermally desorbs from the grain surface at a faster rate than HNC, and partly
because more HCN than HNC forms on the grain surfaces during the Collapse phase,
as described above. Some of the gas-phase HCN is then processed into HNC.
In the G TMC model, the abundance and behaviour of HNC is similar to that of HCN.
This can be seen by comparing Figure 4.4(b) with 4.3(b). The HNC abundance at 104
years is lower than the HCN abundance by a factor of 5, and at 105 years it is lower by
a factor of 3. The HNC abundance can thus be seen to increase with time, across the
whole hot core. The HNC abundance drops less dramatically at the outer edges of the
hot core than the HCN abundance, so at 104 years there is more HNC than HCN in the
outer shells. At 106 years, the evolved chemistry produces a HNC abundance pattern
which is very similar to that seen in HCN. This would again produce an observation of
a high HNC abundance in the centre and edge or the hot core, with a lower abundance
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Figure 4.4: The fractional abundance of HNC to H in models G1 and G TMC at 104, 105 and
106 years.
in the regions inbetween.
In models G and G TMC, the HNC fractional abundance at early time is constant for
most of the hot core radius. If an observation of HNC were made in which the abund-
ance were lower in the intermediate shells, it could indicate an evolved chemistry, as
this is characteristic of the chemistry at 106 years.
HNCO
HNCO, a typical hot core species, is seen in Figure 4.5(a). At 104 and 105 years, in
model G1, the fractional abundance changes across the hot core in a similar pattern.
Consistently higher abundances are seen at 105 years, which shows that HNCO is
being actively produced in the gas phase in all shells of the hot core after 104 years.
The abundance is fairly constant up to a radius of 0.015pc. The abundance then follows
a general downward trend to the outer edge of the hot core, with fractional abundances
falling by a factor of several thousand at both times. From this, it can be seen that the
HNCO is tracing the hotter, denser gas in the middle of the hot core. At 106 years,
the fractional abundance falls in the intermediate regions of the hot core, and increases
in the extreme inner and outer regions. Aside from these changes, the graph retains a
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Figure 4.5: The fractional abundance of HNCO to H in models G1 and G TMC at 104, 105
and 106 years.
similar shape to that seen at early time, with the bulk of the HNCO tracing the inner
parts of the hot core, and tailing off considerably towards the edges.
The HNCO fractional abundance patterns in model G TMC, as shown in Figure 4.5(b),
are similar to those seen in model G1. The main difference between the two models
is the HNCO abundance, which is an order of magnitude lower in the G TMC model.
The cause of this is the lower initial elemental abundances in model G TMC, as seen
in Table 4.1. At 106 years, the fractional abundance falls in the inner regions of the
hot core, and increases in the outer regions. The behaviour is seen to be quite different
from shell to shell, particularly in the outer regions. This may show that the shell
model is not as appropriate for the evolved/steady state chemistry as for the early time
chemistry, as the shells exist in isolation and it is unlikely that this abundance pattern
would occur in reality.
Overall, both the G1 and G TMC models show a similar HNCO abundance pattern
at all times. The fractional abundance is very high in the centre of the hot core, and
extremely low at the outer edge.
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HC3N
Figure 4.6(a) shows the fractional HC3N abundance in the G1 model. It can be seen
that HC3N could potentially used as a ‘chemical clock’, in order to constrain the age
of a hot core. The abundance of HC3N increases with time in the model, showing it
is produced in the gas phase. The fractional abundance varies by around one order of
magnitude at each time shown on the graph – e.g. at 104 years it varies between 10−10
and 10−11. However, even with this variation, each time has its own distinct fractional
abundance ‘window’, which could be used to estimate an age for the hot core.
Figure 4.6(b) shows the fractional abundance of HC3N across the hot core in model
G TMC. The fractional abundances seen at 104 and 105 years are extremely similar to
those seen in model G1. However, at 106 years, the G TMC model stops producing
HC3N. At this time, the HC3N fractional abundance has increased at the inner and
outer edges of the hot core, but has remained similar in the shells inbetween. This is
a similar pattern of behaviour to HCN and HNC as seen in Figures 4.3(b) and 4.4(b)
respectively. This is explained, in part, by the behaviour of N2, as seen in Figures
4.6(c) and 4.6(d). As the hot core age increases, more N2 is formed in models G1 and
G TMC, particularly in the middle shells at 105 and 106 years. A greater proportion
of the nitrogen is thus ‘locked up’ in the N2 molecule, and is unable to form nitrogen-
bearing species including HCN, HNC and HC3N. At the inner and outer edges of the
hot core, a much smaller proportion of the nitrogen forms N2, and so more nitrogen is
available to form the other nitrogen-bearing species.
HC3N is thought to be a density tracer, but its abundance does not appear to clearly
trace the density changes across the hot core models. Furthermore, its variability with
time demonstrates that it may not be a reliable tracer of density if the age of the ob-
served region is unknown.
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Figure 4.6: The fractional abundance of HC3N and N2 to H in models G1 and G TMC at 104,
105 and 106 years.
CH3OH
Figure 4.7(a) shows the fractional abundance of CH3OH across the hot core. At 104
and 105 years, the abundance is fairly constant across the inner parts of the hot core.
At 104 years there is a fractional abundance of around 3.3×10−6 and at 105 years this
has slightly decreased to around 1.8×10−6. Beyond a radius of 0.04pc, the fractional
abundance falls rapidly, by around 10 and 6 orders of magnitude at 104 and 105 years
respectively. The fractional abundances seen at 104 years shows the CH3OH has uni-
formly thermally desorbed from the grain surfaces up to a distance of 0.04pc, which
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corresponds to a minimum temperature of around 42K. The CH3OH abundance bey-
ond this radius comes from the gas phase. By 105 years, the CH3OH abundance in
the inner shells has begun to drop, as in the gas phase the species is destroyed more
efficiently than it is produced. At the outer edges of the hot core, the fractional abund-
ance increases by several orders of magnitude. In this region, the existing CH3OH was
produced in the gas phase of the collapsing dark cloud. The switching on of the pro-
tostar increases the temperature in this region, and so more CH3OH is produced with
time. At 106 years, the CH3OH fractional abundance has dropped by up to 4 orders
of magnitude, showing that this species is efficiently destroyed. The species is mainly
destroyed by the oxygen bearing species H3O+, via the following reaction:
H3O+ + CH3OH → CH3 + H2CO (4.1)
The abundances seen at 106 years are very low, and so less easily observable than
the high fractional abundances seen at 104 and 105 years. Therefore, a low observed
abundance of CH3OH could show that a hot core is chemically old, with a lower age
limit provided by a model such as this one.
Figure 4.7(b) shows the fractional abundance of CH3OH across the hot core in model
G TMC. The fractional abundances seen are slightly higher than those from model
G1, with a similar pattern of behaviour. At 104 years there is a fractional abundance
of around 4.5×10−6 and at 105 years this has slightly decreased to around 1.5×10−6.
Beyond a radius of 0.04pc the fractional abundance falls rapidly, by around 6 orders
of magnitude. At 106 years, the CH3OH fractional abundance has dropped by up to 5
orders of magnitude.
It can be seen that CH3OH is abundant in both models at early time. This species
behaves in a similar fashion to HNCO, with a high abundance in the inner regions of
the hot core, and an extremely low abundance in the outer regions.
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Figure 4.7: The fractional abundance of CH3OH to H in models G1 and G TMC at 104, 105
and 106 years.
CS
The fractional abundance of CS in model G1 across the hot core is seen in Figure
4.8(a). At 104 years, CS is most abundant in the inner part of the hot core. The abund-
ance decreases fairly steadily with radius, although there is a secondary peak at around
0.06pc. After this, the fractional abundance falls swiftly, with a small increase at the
outer edge. At 105 years, a similar abundance pattern is seen. However, the fractional
abundance has increased throughout the hot core, with the exception of the outer edge
where the abundance remains constant. CS is thus being produced in the gas phase,
in most parts of the hot core. It appears that CS has reached a chemical equilibrium
in the outermost parts of the hot core. At 106 years, the fractional CS abundance has
increased in the innermost part of the hot core, and also towards the outer edge, at the
site of the secondary peak.
The CS fractional abundances from the G TMC model are shown in Figure 4.8(b).
At 104 and 105 years, the abundances seen in the inner regions of the hot core fol-
low a similar pattern to those seen in the G1 model, although the G TMC abundances
are lower. The abundance at 104 years is fairly consistent across the hot core, with a
fractional abundance just below 10−9. By 105 years, the fractional abundances have
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Figure 4.8: The fractional abundance of CS to H in models G1 and G TMC at 104, 105 and
106 years.
increased, particularly in the inner regions of the hot core. At 106 years, the fractional
abundance follows the pattern of HCN, HNC, etc, with a higher value at the inner and
outer shells, and a lower value inbetween.
The CS fractional abundance pattern seen in both models is fairly consistent - a reas-
onably flat abundance of CS is seen across the whole hot core. In the G1 model, the
outer shells show a much lower abundance than the G TMC model, but the general
appearance of the graphs is similar. To an observer, this should look as though the CS
is found uniformly across the hot core at early time. If a larger abundance is observed
in the centre and at the edges, this could indicate the hot core is chemically old.
NH3
Figure 4.9 shows the fractional NH3 abundance in models G1 and G TMC, at 104,
105 and 106 years. Figure 4.9(a) shows that the same fractional NH3 abundance is
seen across the whole hot core at 104 years in model G1. This is because the species
forms on grain surfaces during the collapse phase, and is thermally desorbed in all
shells when the protostar ‘switches on’. The fractional NH3 abundance drops slightly
in model G1 between 104 and 105 years. At both times, the fractional abundance seen
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in all shells across the hot core is identical. The NH3 is being destroyed at the same
rate in each shell, irrespective of the shell temperature and density. In model G1, NH3
is destroyed by a mixture of charged and neutral species in all shells. By 106 years, the
fractional abundance pattern has changed across the hot core. The highest fractional
NH3 abundances are formed in the inner and outer shells, and the fractional abundance
in the intermediate shells is reduced by over two orders of magnitude. This is caused
by the nitrogen atoms becoming locked up in the N2 molecule at steady state, as seen
in Figure 4.6(c).
Figure 4.9(b) shows the NH3 fractional abundance in model G TMC. The fractional
abundances seen at 104 and 105 years in this model are lower than the abundances
seen in G1, by a factor of ∼ 4. Table 4.1 shows that model G1 has a higher under-
lying abundance of nitrogen than model G TMC, by a factor of ∼ 9. The decreased
abundance of nitrogen in model G TMC leads to a lower fractional NH3 abundance in
that model. In model G TMC, the NH3 fractional abundance evolves with time in a
similar manner to that seen in model G1. The fractional abundance is flat as a function
of radius at 104 years, and nearly flat at 105 years. At 106 years, the fractional NH3
abundance is much reduced in the middle shells. Again, this can be attributed to the
nitrogen becoming locked up in molecular N2, as seen in Figure 4.6(d).
4.2.2 Comparison of the G1 Model with Observations
Table 4.3 shows a comparison of some observed fractional abundances (in the hot core
G34.3+0.15) with the fractional abundances produced by the model G1 at 105 years.
The modelled and observed abundances compare reasonably well in most cases. It is
hard to directly compare the observed isotopologues (e.g. HN13C) with the modelled
abundances, as these isotopologues were not included in the model. Estimates of the
fractional abundances of these isotopologues in the G1 model were made by scaling
down the modelled abundances by an appropriate factor - e.g. the 12C/13C ratio in the
Milky Way.
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Figure 4.9: The fractional abundance of NH3 to H in models G1 and G TMC at 104, 105 and
106 years.
The modelled values which do not compare well to the observations are the fractional
isotopologue abundances. The isotopologues are not included in the hot core model.
The inclusion of isotopologues in the hot core model would improve the estimates of
these fractional abundances, as it appears that the fractionation of the isotopes does not
scale directly with the underlying isotopic ratio in a hot core.
Overall, the G1 model produces reasonable estimates for the fractional abundances of
these common hot core species.
4.3 The LMC and SMC Hot Core Models
The initial parameters used in the LMC and SMC models can be seen in Table 4.1.
Models L1 and S1 contain reduced elemental input abundances, and the same dust/gas
ratio and visual extinction as in model G1. These models can be thought of as depleted
Galactic models, as the physical conditions resemble those found in the Milky Way.
Models L2 and S2 contain the same reduced elemental abundances seen in models L1
and S1, but the dust/gas ratio and visual extinction is depleted in these models.
The models which are thought to most closely resemble the low metallicity environ-
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Species Observed Modelled
Shell 1 Shell 8 Shell 17
CH3OH 1.80E-008 2.25E-006 1.58E-006 7.80E-013
H13CO+ 1.15E-011 2.96E-017 4.64E-017 8.76E-017
HCN 3.60E-011 7.69E-007 7.33E-007 3.49E-007
HN13C 5.00E-012 5.12E-009 5.29E-009 3.98E-009
HC3N 1.15E-011 7.31E-011 2.75E-011 1.46E-010
2.35E-011 7.31E-011 2.75E-011 1.46E-010
HNCO 2.65E-010 1.05E-009 1.56E-009 6.34E-015
1.40E-010 1.05E-009 1.56E-009 6.34E-015
CS 8.00E-011 1.80E-008 1.24E-008 1.77E-010
NH3 1.00E-006 5.37E-005 4.72E-005 4.53E-005
Table 4.3: This table shows some observed fractional abundances (relative to H) from the hot
core G34.3+0.15, along with some modelled fractional abundances (relative to H) from the G1
model. The observed abundances are taken from MacDonald et al. (1996), with the exception
of NH3 which is taken from Heaton et al. (1989). Where two observed values are given for
one species, both values were observed in the hot core. Isotopologues were not modelled in
the hot core model, and so for observations of species such as H13CO+, the modelled fractional
abundance is reduced by the isotopic ratio 12C/13C = 76 (Stahl et al., 2008). The modelled
values are taken from model G1 at 105 years, in shells 1, 8 and 17.
ments in the LMC and SMC are models L2 and S2. Models L1 and S1 are used to
isolate the effects of changing the dust/gas ratio and visual extinction.
4.3.1 Results from the LMC and SMC Hot Core Models
Figures 4.10(a) and 4.10(b) show the fractional HC3N abundances at 104 years, for
models G1, L2 and S2 and models G1, L1 and S1 respectively. The difference between
the two figures is that the dust/gas ratio has been reduced for models L2 and S2, but
is maintained at a Galactic level for L1 and S1. It can be seen that changing this
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parameter (and thus, the visual extinction) has a profound effect on the chemistry of
HC3N. The HC3N fractional abundance is much higher in model L2 than L1 (and
S2 than S1). This is because HC3N is most efficiently formed in the gas phase, and
when the dust/gas ratio is reduced, the amount of carbon and nitrogen available in
the gas phase is greatly increased. HC3N forms more readily in the gas phase than
on grain surfaces, as this species contains many unsaturated bonds. If the species
were deposited onto a grain surface, or were formed there, it would undergo hydrogen
addition(s), and produce a more saturated species which would be returned to the gas
phase when the protostar ‘switches on’. The species which form on the grain surfaces,
or which are deposited there, tend to become much more saturated. Example species
include C3H2N and C3H3N, which only form on grain surfaces during the collapse
phase. They are desorbed when the protostar switches on, and then processed by the
hot core gas phase chemistry. In the gas phase, HC3N is destroyed by reaction with
H3+ in models L2 and S2. This does not happen to any appreciable extent in models
L1 and S1.
At 104 years, in models L1 and S1, most of the HC3N forms via the following reaction
with C2H2:
CN + C2H2 → HC3N + H (4.2)
Whereas in models L2 and S2 at 104 years, most of the HC3N forms via the following
reactions:
CH3OH + HC3NH+ → HC3N + CH3OH+2 (4.3)
NH3 + HC3NH+ → HC3N + NH+4 (4.4)
HC3NH+ + e− → HC3N + H (4.5)
In models L2 and S2, there is a cycle of HC3N production, with the previous production
reactions being followed by these destruction reactions:
HC3N + H+3 → HC3NH+ + H2 (4.6)
HC3N + H3O+ → HC3NH+ + H2O (4.7)
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The species HC3NH+ is much more abundant in models L2 and S2 than in models L1
and S1, as seen in Figures 4.10(c) and 4.10(d). This species is not formed on the grain
surfaces, and so when the dust/gas ratio is lowered, proportionally more of the C and
N atoms are available to form this species. The HC3NH+ then goes on to form HC3N.
Figures 4.11(a) and 4.11(b) show the fractional HC3N abundances in the same models
at 106 years. By this time, the differences between models L2 and L1, and S2 and S1,
are far less great. This is because the gas-phase chemical reactions have thoroughly
processed the material, over a very long time period. Many of the differences which
were caused by species which form on grain surfaces have been eradicated by this time,
as the larger species which form on the grains are broken down into smaller species.
Figure 4.12(a) shows the HNC fractional abundance in the three models at 104 years.
The abundance range seen in each model is distinct from the other models, and so
potentially this species could be a useful metallicity tracer. Figure 4.12(b) shows the
fractional HNC abundances in models G1, L1 and S1 at the same time. By comparing
these figures, it is apparent that the HNC abundance is not as sensitive to the changing
gas/dust ratio as species such as HC3N are. Although there is a change in abundance
between models L1 and L2, the change is reasonably small. The change in fractional
HNC abundance seen between models S1 and S2 is bigger, with a definite reduction
in HNC in model S2. This is because HNC forms on the grain surfaces, as does HCN,
from which HNC is formed (via HCNH+). The lowered dust/gas ratio in model S2,
results in fewer HNC (and HCN) molecules being formed during the collapse phase,
as the total grain surface area is smaller in model S2 compared with S1. This results in
less HNC existing in the gas-phase of the hot core at early time.
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Figure 4.10: The fractional abundance of HC3N and HC3NH+ to H in models G1, L2, S2, L1
and S1 at 104 years.
4.4 Verification of the Model – Comparison with Bayet
et al. (2008)
Bayet et al. (2008) investigated hot core models at low metallicity. The parameters
which were varied included initial elemental abundances, dust/gas ratio, hot core tem-
perature, hot core density and the cosmic ray ionisation rate. The hotcore models used
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Figure 4.11: The fractional abundance of HC3N to H in models G1, L2, S2, L1 and S1 at 106
years.
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Figure 4.12: The fractional abundance of HNC to H in models G1, L2, S2, L1 and S1 at 104
years.
by Bayet et al. (2008) are less physically complex than those used in this thesis. The
Bayet et al. (2008) models are comparable to one of the shells in the models used
in this thesis - e.g. they contain a uniform temperature, density and set of chem-
ical abundances. The Bayet models use the gas-phase chemical networks from Millar
et al. (1997a) and Le Teuff et al. (2000), whereas the models in this thesis (hence-
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forth JBCA1 models) use the chemical reaction network of Woodall et al. (2007). As a
benchmarking exercise, the Bayet models can be compared with the innermost shell of
the G1 model from this thesis. The Bayet models chosen for comparison are Model 0
(a standard Galactic hot core) and Model 10, as this model is most similar to shell 1 in
model G1 (henceforth, 1G1 or model 1G1) in terms of input abundances and physical
conditions. Table 4.4 shows the physical and chemical abundance inputs for models
1G1, 0 and 10. A quick comparison reveals that the three models have many simil-
arities, including the cosmic ray ionisation rate, and many of the input abundances.
The most notable differences are the hot core temperature and the initial M (heavy
metal) abundance. Model 1G1 represents a much cooler hot core than models 0 and
10. Model 1G1 also contains a much lower heavy metal abundance than models 0 and
10 – by a factor of 340. This means that model 1G1 transfers charge between species at
a much lower rate than models 0 and 10. Model 10 contains the same input parameters
as model 0, with the exception of the initial S abundance. The initial S abundance in
model 10 is fairly similar to that seen in model 1G1, whereas the initial S abundance
in model 0 is over an order of magnitude greater than that seen in 1G1. Figures 4.13
and 4.16 show the fractional abundances of various species with respect to time, for
Models 0 and 10 amongst others. Figure 4.14(a) shows the fractional CS abundance
in model 1G1 over the same time period. The general trend for the evolution of CS
abundance with time in similar in models 1G1, 0 and 10. The fractional CS abundance
in model 1G1 is in between the values seen in models 0 and 10. For example, at 104
years, the fractional CS abundance is around 3×10−9, 2×10−8 and 3×10−10, in models
1G1, 0 and 10 respectively.
Figure 4.14(b) shows how the CH3CN fractional abundance changes with time in
model 1G1. When compared with Figure 4.13, it can be seen that this species be-
haves differently in models 0 and 10. In model 1G1, the CH3CN abundance peaks
at steady state, whereas in models 0 and 10, the abundance peaks around 105 years
before dropping off after this time. The peak fractional abundances seen are similar,
1Jodrell Bank Centre for Astrophysics
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Model 1G1 Model 0 (ST) Model 10
Temperature (K) 179.4 300 300
CR ionisation rate (s−1) 1.33×10−17 1.3×10−17 1.3×10−17
Grain number density/H nuclei density 1.33×10−12 1.0×10−12 1.0×10−12
Number density (cm−3) 1.92×107 1×107 1×107
C/H 1.32×10−4 1.4×10−4 1.4×10−4
O/H 3.19×10−4 3.2×10−4 3.2×10−4
N/H 7.50×10−5 6.5×10−5 6.5×10−5
He/H 1.00×10−1 7.5×10−2 7.5×10−2
M/H* 1.50×10−8 5.1×10−6 5.1×10−6
S/H 8.57×10−8 1.4×10−6 1.4×10−8
O/C 2.4 2.3 2.3
Av (Magnitudes) 5540.6 581.1 581.1
Table 4.4: A comparison of Model 1G1 with Models 0 and 10 from Bayet et al. (2008). *The
heavy metals (M) were included in the form of Fe for Model G1, and Mg for Models 0 and 10.
with values a little over 10−8. The similarity of the underlying C abundance in the
three models may explain the similar abundances produced, as this species contains
two carbon atoms. The difference between the appearance time for the CH3CN peak
can be explained by the different physical conditions in the Bayet models compared
with the models from this thesis (JBCA models).
Figure 4.14(c) shows the SO fractional abundance in model 1G1. By comparing with
Figure 4.13, it can be seen that the SO is produced with a similar behaviour and frac-
tional abundance in models 1G1 and 10. Model 0 has a fractional SO abundance,
which is higher by around two orders of magnitude. This is caused by the higher initial
S abundance in model 0, as seen in Table 4.4. The fractional SO2 abundance is shown
in Figure 4.14(d), for model 1G1. The behaviour here is different to that seen in the
Bayet models, as the fractional abundance increases with time in the 1G1 model, but
slightly decreases with time in the 0 and 10 models. At 104 years, the SO2 fractional
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abundance is similar in models 1G1 and 10, but by 106 years, the fractional abundance
in 1G1 is closer to that seen in model 0. Overall, the fractional SO2 abundance seen
in model 1G1 compares reasonably well with the 0 and 10 models, when the differing
underlying S abundance is considered.
Figure 4.14(e) shows the H2CO fractional abundance in model 1G1 with respect to
time. This species is more than an order of magnitude more abundant in model 1G1
than in models 0 and 10, at 104 years. However, by 106 years, the three models con-
tain a similar H2CO fractional abundance. H2CO is formed on the grain surfaces in
the collapse phase, and then destroyed in the gas phase of the hot core models. H2CO
is modelled differently in the gas-phase of the JBCA models, compared with that of
the Bayet et al. (2008) models. Bayet et al. (2008) used the UDfA gas-phase chem-
ical networks from Millar et al. (1997a) and Le Teuff et al. (2000), whereas the JBCA
models use the UDfA chemical reaction network of Woodall et al. (2007). Woodall
et al. (2007) implemented a large decrease to the reaction rate for H2CO formation via
reaction between C2H3 and O2, as discussed in Section 3.3.2. Figure 4.14(e) shows
that model 1G1 has a much higher fractional H2CO abundance than models 0 and 10
(as seen in Figure 4.13) at 104 years. This demonstrates that the surface chemistry has
a larger impact on this species than the gas-phase chemistry. The formation of H2CO
on grain surfaces is more efficient in model 1G1 than in models 0 and 10. Even at 106
years, after the H2CO is desorbed and processed in the gas-phase, the fractional H2CO
abundance in model 1G1 is similar to that in models 0 and 10. If this species was
purely formed and destroyed in the gas-phase, a higher abundance would be seen in
models 0 and 10, as the gas-phase formation rate is much reduced in model 1G1. The
H2CO which forms on the grain surfaces increases the fractional gas-phase abundance
in model 1G1.
The species CH2CO is not included in the JBCA models, and so no comparison can be
made with the Bayet models.
Figure 4.15(a) shows the fractional HCN abundance with respect to time, in model
1G1. At 104 years, the abundances in the three models are similar, with a fractional
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abundance just below 10−6. After around 4×104 years, the models diverge, as the HCN
abundance in the 1G1 model slightly increases with time, whereas the HCN abundance
in the 0 and 10 models falls by two orders of magnitude. The HNC fractional abund-
ance in the three models is seen to be more similar than the HNC abundance, as seen
in Figures 4.15(b) and 4.13. The fractional abundance in all three models is similar,
with values ranging from 3–9×10−7. The general trend in all three models is for the
HNC fractional abundance to increase with time. HNC thus appears to be modelled in
a similar manner in the Bayet and JBCA models.
The fractional OCS abundances from the three models can be compared in Figures
4.16 and 4.17(a). The species evolves in a similar manner in all three models. How-
ever, the fractional abundance in model 1G1 is much lower than models 0 and 10 at 104
years, by three and one orders of magnitude respectively. By 106 years, the fractional
OCS abundance has risen to a value halfway between that seen in models 0 and 10,
which corresponds to its intermediate underlying S abundance.
The fractional H2O abundance corresponds almost perfectly between models 1G1, 0
and 10. This can be seen in Figures 4.16 and 4.17(b).
Figure 4.17(c) shows the time evolution of the fractional abundance of H2S in model
1G1. When compared with Figure 4.16, it can be seen that the behaviour of this spe-
cies is similar to that seen in models 0 and 10. The fractional abundance in 1G1 at
104 years is inbetween the values seen in models 0 and 10, which corresponds to the
intermediate underlying S abundance in this model. However, the H2S abundance in
1G1 drops off a little more quickly with time than in the 0 and 10 models. Overall, this
species appears to be modelled in a similar fashion in the Bayet and JBCA models.
The H2CS fractional abundance is seen in Figure 4.17(d), for model 1G1. This spe-
cies behaves in a similar fashion in the Bayet and JBCA models, and again produced a
fractional abundance somewhere between models 0 and 10, owing to the intermediate
S abundance.
The fractional HCO+ abundances from the Bayet and JBCA models can be seen
in Figures 4.18(a) and 4.18(b) respectively. At 104 years, this species is around 35
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Figure 4.13: The fractional abundance of various species with respect to time, from Bayet
et al. (2008), Figure 7. Model 0 is represented by the solid lines, model 10 is represented by
the long-dashed lines.
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Figure 4.14: The fractional abundance of various species with respect to time, from shell 1,
model G1.
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Figure 4.15: The fractional abundance of HCN and HNC with respect to time, from shell 1,
model G1.
Figure 4.16: The fractional abundance of various species with respect to time, from Bayet
et al. (2008), Figure 8. Model 0 is represented by the solid lines, model 10 is represented by
the long-dashed lines.
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Figure 4.17: The fractional abundance of some more species with respect to time, from shell
1, model G1.
times more abundant in model 0 than in model 1G1. The fractional abundance seen in
model 0 is rather insensitive to time, whereas in model 1G1 the fractional abundance
increases by a factor of 3, by 106 years. The lower fractional abundance in model 1G1
is caused by the lower underlying abundance of heavy metals (see Table 4.4) in this
model.
The CH3OH fractional abundance for models 0 and 1G1 can be seen in Figures 4.19(a)
and 4.19(b) respectively. The behaviour of the species is similar in both models – the
species is steadily destroyed as time increases. However, model 0 has a lower CH3OH
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(a) Bayet et al. (2008) Model
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Figure 4.18: The fractional abundance of HCO+ to H with respect to time, from model 0 Bayet
et al. (2008) and model 1G1. Figure 4.18(a) is taken from Bayet et al. (2008), Figure 1. Model
0 is represented by the solid line, model 10 is not shown in this image.
abundance than 1G1 at 104 years, and the fractional abundance in model 0 is also de-
pleted by a larger factor than that of model 1G1 (almost three orders of magnitude in
model 0, compared with around 2 orders of magnitude in model 1G1). The differences
can be explained by the different gas-phase chemical networks used in the Bayet et al.
(2008) and JBCA models. Bayet et al. (2008) used the UDfA gas-phase chemical net-
works from Millar et al. (1997a) and Le Teuff et al. (2000), whereas the JBCA models
use the Woodall et al. (2007) UDfA. Two of the changes made to the UDfA by Woodall
et al. (2007) strongly affected the formation/destruction of CH3OH in the gas phase, as
discussed in Section 3.3.2. These changes produce the differences seen in the CH3OH
chemistry between the Bayet et al. (2008) and JBCA models.
Overall Comparison with Bayet et al. (2008).
The JBCA model G1 is physically more complex than the Bayet et al. (2008) model, as
the JBCA models have seventeen shells of differing temperature and density, whereas
the Bayet et al. (2008) models consist of one ‘shell’ only. For this reason, only the
innermost shell of model G1 was compared with the Bayet et al. (2008) models. In
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Figure 4.19: The fractional abundance of CH3OH to H with respect to time, from model 0
Bayet et al. (2008) and model 1G1. Figure 4.18(a) is taken from Bayet et al. (2008), Figure
3. Model 0 is represented by the solid line marked ‘CH3OH’ on the graph. Model 10 is not
shown in this image.
general, the JBCA model 1G1 compares well with the Bayet models 0 and 10. The
differences between the models can be accounted for, by looking at the different ele-
mental input abundances as well as the different physical conditions on the models.
4.5 Comparison of the G1, L2 and S2 models
The purpose of the hot core modelling at varying metallicity was to try and identify
whether some typical ‘hot core’ species could be used as metallicity tracer species. The
models chosen for comparison were G1, L2 and S2. These models were chosen as their
characteristics most closely resemble the environments they represent - e.g. a typical
hot core in the Milky Way, the Large Magellanic Cloud and the Small Magellanic
Cloud respectively. The input parameters used in the models can be seen in Table 4.1.
The ratios of the underlying elemental abundances in these models can be seen in Table
4.5.
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Model O/C N/C C/S C/Fe O/N N/S O/(C+N+S+Fe)
G1 2.42 0.57 1540 8800 4.25 875 1.54
G TMC-1 2.41 0.29 1825 3476 8.22 535 1.86
L1 3.16 0.10 3453 7586 31.63 345 2.87
L2 3.16 0.10 3453 7586 31.63 345 2.87
S1 3.98 0.13 2742 13810 31.63 345 3.53
S2 3.98 0.13 2742 13810 31.63 345 3.53
Table 4.5: Some ratios for the initial elemental abundances in the Galactic, LMC and SMC
models.
4.5.1 CO
As seen in Figure 4.20(a), the CO abundance is highest in model S2 for all depths at
104 years. The CO abundance in the S2 model is fairly flat, meaning that it does not
vary much with increasing radius. At the outer edge of the hot core, the CO abundance
decreases slightly. This is caused by CH5+ ions which react with CO to form HCO+
and CH4 in the outer shells. The G1 model shows the lowest CO abundance of the
three models. Again, the abundance does not vary much with increasing radius, from
the centre up to a distance of 0.06pc. After this, the CO abundance falls dramatically
in the outer shells of the hot core. The L2 model shows an increasing CO abundance
with increasing radius, apart from a drop in abundance at 0.04pc. The CO abundance
increases in the outer shells, in direct contrast to the G1 and S2 models.
A comparison of the CO abundances in the three models suggests that the CO abund-
ance is affected inversely by the combination of decreasing metallicity and the re-
duced dust/gas ratio. A quick comparison with Figure 4.20(b) shows that the change
in metallicity alone produces quite a different plot. The G1, L1 and S1 models produce
CO distributions of a similar shape, indicating that the chemical processes going on
in the models are similar, particularly in the inner regions of the hot core. The low-
est abundance is seen in the S1 model. This demonstrates that the large changes in
CO abundance in the G1, L2 and S2 models come from an inverse dependence on the
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Figure 4.20: The fractional abundance of CO to H in models G1, L2, S2, L1 and S1 at 104
years.
dust/gas ratio. The most strongly-affected regions of the hot core are the outer edges,
as seen in Figure 4.20(a). If observations of hot cores in the Galaxy, the LMC and
the SMC were made, Figure 4.20(a) implies that the Galactic and LMC hot cores may
appear to be similar in CO abundance, particularly in the inner regions.
By 105 years, as seen in Figure 4.21(a) the CO abundance in the G1 model has in-
creased across the whole hot core. This shows that CO is still being produced in all
the shells of this model. The distribution of the CO remains similar to that seen at 104
years, with an almost constant fractional abundance of CO across the hot core up to
around 0.06pc, and then a reduction in the CO abundance in the outermost shells. The
flat fractional abundance in the inner shells at 104 and 105 years shows that the CO
is produced in a fairly uniform manner, from shell to shell. The fractional abundance
seen in the L2 model has also increased by 105 years, and the distribution of CO with
radius remains similar. The fractional abundance of CO seen in the S2 model is very
similar to that at 104 years. The fractional abundance in the outer shells has increased
slightly, and now the fractional abundance seen across the whole radius is extremely
similar. As the abundance has changed so little with time, it is possible that the CO
chemistry was already approaching a steady state by 104 years in this model, at least
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Figure 4.21: The fractional abundance of CO to H in models G1, L2 and S2 at 105 and 106
years.
at intermediate radius.
When comparing the three data sets in Figure 4.21(a), it becomes apparent that the
CO abundances in the three models are becoming more similar. This is particularly
true for the G1 and L2 models. This demonstrates that at a typical hot core age of 105
years, CO may not be a useful tracer of metallicity. Figure 4.21(b) shows the fractional
CO abundance in the three models at 106 years. The S2 model has the same fractional
abundance of CO as seen at 104 and 105 years. The G1 and L2 results show that the
chemistry in these models has evolved significantly. The CO abundance in G1 has
increased for all radii, with the exception of the outermost shells where the abundance
has remained constant. However, the CO abundance has not increased in a uniform
manner, and some shells have produced more CO than others. The L2 model shows a
similar pattern of behaviour to the G1 model, up to a radius of 0.05pc. After this point,
the CO abundance in the L2 model has increased at the outer edges of the hot core, in
direct contrast to the abundance seen in the G1 model.
The fractional abundance of CO at 106 years is fairly similar in the three models, so
could not be used to distinguish the level of metallicity in a region. However the
highest metallicity model (G1) has a distinctive pattern of CO distribution at all times.
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There is a high abundance of CO in the inner regions, and a much lower abundance of
CO at the edges. In the lower metallicity models (L2 and S2), a much flatter profile is
seen for the CO abundance. This information on the distribution of the CO could be
useful in determining the metallicity of a hot core.
Overall, it may not be possible to trace the underlying metallicity of a hot core using
the fractional CO abundance, particularly at times beyond 104 years. This means that
the fractional CO abundance is relatively independent of the underlying metallicity.
The X–factor is the ratio between the integrated intensity of 12CO J=1-0 [W(12CO)]
and the H2 column density [N(H2)] in a cloud (Pineda et al., 2008), and is defined as:
X =
N(H2)
W(12CO) (4.8)
If the fractional CO abundance is reasonably similar in clouds with different underlying
metallicities, then the X–factor could be assumed to have a similar value in the Milky
Way and galaxies with lower metallicity. This is a useful result.
4.5.2 HCO+
As seen in Figure 4.22(a), the HCO+ fractional abundance is clearly highest in the S2
model at 104 years. Even at the highest abundance in this model, it may be difficult
to observe this species, as the abundances seen in all the models are extremely low.
The highest abundance of HCO+ in all models is seen at the outer edges of the hot
core. The HCO+ seems to be tracing the cooler, less dense gas. Figure 4.22(b) shows
the models at 105 years. The fractional abundances seen have increased, particularly
in the L2 model. However, the abundance is still highest in the S2 model and lowest
in G1. By 106 years, the fractional abundances in all three models have increased
as seen in Figure 4.22(c). If HCO+ were observed in an extragalactic hot core, it
would be likely that most of the emission would come from the outer layers of the hot
core. If the HCO+ abundance increases inversely with metallicity, it may be possible
to observe HCO+ in star-forming regions at very low metallicity/high redshift, as the
HCO+ abundance may be much higher in these regions.
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Figure 4.22: The fractional abundance of HCO+ to H in models G1, L2 and S2 at 104, 105 and
106 years.
4.5.3 HCN
Figure 4.23(a) shows the HCN fractional abundance at 104 years. The abundance seen
in the G1 model is constant from the inner radius of the hot core, up to a radius of
0.07pc. After this radius, the abundance swiftly drops in the outer shells. The frac-
tional abundance seen in the L2 model is fairly constant, up to a radius of around
0.02pc. After this, the fractional abundance increases with radius up to the outer edge
of the hot core. The HCN abundance seen in model L2 is lower than that seen in
G1. This is due to the combined effect of the reduced N and C input abundances in
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the L2 model (Table 4.1). It can be seen that the N input is approximately an order
of magnitude lower in the L2 model, and the C input is around 50% lower in the L2
model. The fractional HCN abundances seen in the inner regions of the hot core are
around five times bigger in the G1 model, when compared with the L2 model. As
seen in Table 4.5, the N/C ratio is around five times higher in the G1 model, compared
with the L2 model. The HCN abundance is tracing this ratio in the inner parts of the
hot core, as the number of available nitrogen atoms per carbon atom limits how much
HCN is produced in these hot, dense regions. The N/C ratio in the S2 model is very
similar to that seen in the L2 model, and the HCN abundance in the inner shells of
model is also very similar to that seen in L2. In the outer shells of models L2 and S2,
the chemistry differs, as the HCN abundance drops in the S2 model, and increases in
the L2 model. The distribution of HCN in the S2 hot core is analogous to that seen
in the G1 model. If an observation of a hot core at 104 years were made, the HCN
abundance could be used to identify whether the metallicity could be characterised as
Galactic or sub-Galactic, and a lower limit could be estimated for the N/C ratio.
At 105 years, the HCN fractional abundances are as seen in Figure 4.23(b). The
G1 fractional HCN abundance has increased slightly across the inner regions, from
6.7×10−7 to 7.4×10−7, and has increased more dramatically in the outer shells, from
4.6×10−8 to 3.5×10−7. This shows that HCN is being produced in the gas phase in
all the shells across the G1 model. In contrast, the fractional abundances seen in the
L2 model at this time have reduced, for all shells. This shows that net destruction of
HCN is occurring in the gas phase. The majority of the HCN destruction occurs via
the following reaction:
H3O+ + HCN → HCNH+ + H2O (4.9)
Similarly, in model S2 the fractional HCN abundance has reduced in the time period
between 104 and 105 years, by almost an order of magnitude, for all shells. In this
model, the HCN abundance is also reduced by reaction with the oxygen-bearing spe-
cies H3O+. This reaction proceeds most quickly in the S2 model, then the L2 model,
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and finally the G1 model. The reason for this is the underlying O/C ratio in the models.
Table 4.5 shows that model S2 has the highest O/C ratio, and G1 the lowest. There is
a higher concentration of free oxygen per unit carbon in the S2 model, and so higher
quantities of oxygenated species such as H3O+ are able to form. This can be seen in
Figures 4.24(a) and 4.24(b). A higher H3O+ concentration increases the rate of de-
struction of HCN, and so HCN is destroyed at a faster rate in the S2 model.
Figure 4.23(b) shows that at 105 years, the three models can be distinguished in terms
of metallicity – e.g. the highest metallicity model produces the highest HCN abund-
ance, and the lowest metallicity model produces the lowest HCN abundance. The frac-
tional abundances seen in each model are reasonably flat, and the ranges in each model
are distinct from one another. The reasonably large differences in abundance, from
model to model, mean that HCN abundance could be used to estimate the underlying
metallicity of a hot core, observed at an age of 105 years. The chemical behaviour
of the HCN in each model is similar to that seen at 104 years, with a reduced HCN
abundance in the outer shells for models G1 and S2, and an increased HCN abundance
in the outer shells for model L2.
Figure 4.23(c) shows the fractional HCN abundances at 106 years. The chemical be-
haviour in the G1 model has changed, and the HCN abundance now peaks at the outer
edge of the hot core, with a reduced abundance in the intermediate shells. The G1
model still contains the highest fractional abundance of HCN, and the abundance is
still fairly consistent across the hot core. The L2 model shows a decreased abundance
across most of the hot core, particularly in the intermediate shells where the abundance
has decreased by a factor of fifty. The S2 model has considerably decreased in frac-
tional HCN abundance - by a factor of two hundred in the innermost shell. The large
reductions in fractional abundance in models L2 and S2 mean that the HCN abundance
could still be used as a metallicity tracer at this time, provided the age of the hot core
were known. The fractional abundances seen in each model are sufficiently different,
and discrete, that the underlying metallicity could be estimated to within a certain limit
from an observation.
178 ASTROCHEMICAL MODELLING OF LOW METALLICITY SFRs
4.5: COMPARISON OF THE G1, L2 AND S2 MODELS
 1e-08
 1e-07
 1e-06
 0.001  0.01  0.1
Ab
un
da
nc
e 
re
l. 
to
 H
Radius (pc)
HCN Depth 
[G1.out.new] HCN at 1e4 yrs
[lmc2.out.new] HCN at 1e4 yrs
[smc2.out.new] HCN at 1e4 yrs
(a) 104 years
 1e-09
 1e-08
 1e-07
 1e-06
 0.001  0.01  0.1
Ab
un
da
nc
e 
re
l. 
to
 H
Radius (pc)
HCN Depth 
[G1.out.new] HCN at 1e5 yrs
[lmc2.out.new] HCN at 1e5 yrs
[smc2.out.new] HCN at 1e5 yrs
(b) 105 years
 1e-11
 1e-10
 1e-09
 1e-08
 1e-07
 1e-06
 1e-05
 0.001  0.01  0.1
Ab
un
da
nc
e 
re
l. 
to
 H
Radius (pc)
HCN Depth 
[G1.out.new] HCN at 1e6 yrs
[lmc2.out.new] HCN at 1e6 yrs
[smc2.out.new] HCN at 1e6 yrs
(c) 106 years
Figure 4.23: The fractional abundance of HCN to H in models G1, L2 and S2 at 104, 105 and
106 years.
Overall, HCN is a potentially useful tracer of metallicity at all times. At early time, it
appears to reflect the underlying N/C ratio. At later times, it can be used to determine
the more general underlying metallicity of a hot core. A higher O/C ratio can be linked
with a lower HCN abundance at later times.
4.5.4 HNC
Figure 4.25(a) shows the HNC fractional abundance in the three models at 104 years.
The abundance seen in each model is distinct, and fairly constant across the hot core,
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Figure 4.24: The fractional abundance of H3O+ to H in models G1, L2 and S2 at 104 and 105
years.
and so potentially this species could be a useful metallicity tracer. The HNC abundance
is about 26 times higher in model G1 compared with model L2, and 90 times higher
than in model S2. The difference in metallicity is not as large as this, for any individual
element or the elements combined. The HNC abundance is therefore not directly tra-
cing the metallicity of the hot core, but providing an observable way in which the hot
core could be characterised as high, medium, or low metallicity. This could be used to
estimate limits of the underlying elemental abundances. As this species is not strongly
affected by the changing dust/gas ratio, these results are a more direct measure of the
changing elemental abundances.
At 105 years, the fractional abundances for the three models can be seen in Figure
4.25(b). The G1 HNC abundance has remained similar over the intervening time
period. The abundance in L2 has increased by a factor of around five. The abund-
ance in S2 has reamined fairly constant – with the exception of the inner shells where
it has increased by a maxiumum factor of five. This shows that there is not much
HNC produced in the gas phase in model G1, or the majority of the shells in model
S2. The model L2 is producing HNC across the whole hot core, as is the inner part of
model S2. There is no obvious reason for the different chemistries seen in the different
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models in this case, and it is likely that a combination of factors lead to this result.
Examples of these could include the differing N/C ratio (highest in model G1, lowest
in L2), or the abundance of (C−N) available in the model at that time. The fractional
HNC abundances seen in each model are still distinct enough that an HNC observation
of a hot core could be used to determine its underlying metallicity, to a limited degree
of accuracy. The abundances seen in each model are also fairly consistent, across the
radius of the hot core.
At 106 years, the fractional HNC abundances are shown in Figure 4.25(c). At this
time, the models produce very similar results for HNC and HCN, which can be seen
by comparing Figure 4.25(c) with Figure 4.23(c). The main difference is in the outer
shells of model L2, where more HCN than HNC is produced, by a factor of around
400. The similarities in the models can be explained, as the gas phase reactions which
produce HCN and HNC tend to have a 50/50 branching ratio as to which species is
formed. The HCN and HNC fractional abundances differ in the outermost shells of
model L2. This is because in this model, at this time, the HNC and HCN are primarily
destroyed by different mechanisms. HCN is destroyed by the following reactions:
H+3 + HCN → HCNH+ + H2 (4.10)
HCO+ + HCN → HCNH+ + CO (4.11)
Whereas HNC is solely destroyed by the following reaction:
HNC + CN → NCCN + H (4.12)
In models G1 and S2 in the same shell, at the same time, HCN and HNC are destroyed
by the same mechanisms. In model G1, the species are destroyed by reaction with H3+,
CH5+, C2H3+ and C2H5+. This demonstrates the effects of the increased C abundance
in this model, as carbonaceous species are destroying the HCN and HNC. In model
S2, at 106 years in the outermost shells, HCN and HNC are destroyed by H3+, H3O+
and HCO+.
The fractional HNC abundances seen in the G1, L2 and S2 models at 106 years are less
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easy to disentangle, as a fairly similar abundance is seen at the outer edge of models
L2 and S2. However, it may still be possible to use this species as a metallicity tracer
at this time, as the cumulative effect of all the shells in each model would produce a
higher HNC abundance from an observer’s point of view.
Overall, HNC appears to be a useful tracer of the underlying elemental abundances in
a hot core, without being strongly affected by the gas/dust ratio in that region. How-
ever, HNC does not directly trace any one species or ratio, but rather a more general
sense of the metallicity. As the relationship between underlying metallicity and HNC
abundance is not obvious, the most useful way of interpreting an observation would be
to try and produce a model in which the HNC abundance fits the observed value. This
could provide some limiting values for the underlying elemental abundances in a hot
core.
4.5.5 HNCO
The HNCO abundance for the three models at 104 years is shown in Figure 4.26(a).
All three models show a similar behaviour for HNCO – it is fairly abundant in the
inner shells, and the fractional abundance increases slightly before dropping off with
increasing radius. The fractional abundance drops off most quickly at a radius of just
over 0.04pc. The predicted HNCO fractional abundances in models L2 and S2 are very
low – tending to values between 10−12 and 10−14. It is unlikely that these abundances
could be observed in an extragalactic hot core environment. The HNCO fractional
abundance in the inner shells of the G1 model is around 10−10, and it is likely that this
could be observed in a Galactic hot core. Beyond a radius of 0.015pc, this abundance
drops off fairly quickly. An observation of such a hot core would show the HNCO
emission concentrated around the centre of the hot core. If an observation was made
of an extragalactic hot core at 104 years, it is likely that the emission would be very
weak, and concentrated around the centre. The HNCO fractional abundance is higher
in model S2 than in model L2, for most of the hot core radius. This shows that the
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Figure 4.25: The fractional abundance of HNC to H in models G1, L2 and S2 at 104, 105 and
106 years.
HNCO abundance is not directly tracing the metallicity of the hot core. If an ex-
tragalactic hot core observation were made, a fractional abundance of around 10−10
would imply that the metallicity of the hot core was similar to that in the Galactic
model. If no HNCO were observed, it could indicate a hot core with a low underlying
metallicity, where the HNCO abundance was not observable from Earth.
H2S in model 1G1 Figure 4.26(b) shows the fractional HNCO abundance in the three
models at 105 years. The HNCO fractional abundance in model G1 has increased
across the whole hot core radius, by around an order of magnitude. HNCO is there-
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Figure 4.26: The fractional abundance of HNCO to H in models G1, L2 and S2 at 104, 105
and 106 years.
fore being produced in the gas phase, as a daughter product of HNCONH and HN-
CHO. These species are formed on the grain surfaces, and desorb when the protostar
‘switches on’. The emission from this fractional abundance should be easily observed
in a Galactic hot core. The distribution of the HNCO in the G1 hot core is similar to
that seen at 104 years, with a high fractional abundance in the centre, which quickly
tails off at a radius of 0.04pc. The behaviour in the L2 model has changed. The frac-
tional abundance in the inner shells has increased by an order of magnitude, and in the
outer shells by a factor of 3000. HNCO was produced across the whole hot core in this
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model, between 104 and 105 years, as the grain species are processed. A less dramatic
change occured in model S2 over this time period – the fractional HNCO abundance
in the inner shells remained almost constant, and the greatest increase was seen in the
outer shells where the fractional abundance increased by a factor of 20. The distribu-
tion of HNCO remains similar in model S2 at 104 and 105 years, with a reasonably flat
abundance of HNCO across the inner and intermediate shells, and a reduction occuring
at around 0.04pc.
At 106 years, the fractional HNCO abundance in the three models has evolved as seen
in Figure 4.26(c). The HNCO abundance has again increased across the whole hot core
in model G1, showing a net production of HNCO in every shell. The HNCO produc-
tion at this stage appears to be governed by temperature or density, as Figure 4.26(c)
appears to show a relationship between increasing radius and decreasing HNCO abund-
ance. The most HNCO is produced in the hottest/densest shells, in the centre of the
hot core. The temperature and density profile of the hot core can be seen in Figures
2.2(a) and 2.2(b) respectively. The behaviour of the HNCO fractional abundance in
model L2 is an exaggerated version of that seen at 105 years. The highest abundance
is seen in the outer shells. The fractional abundance in this region peaks at 5.2×10−9 –
this value could potentially be observed from Earth, and would appear as a strong shell
of HNCO in the outer parts of the hot core. However, it is unlikely that the chemistry
would evolve to this stage. If an observation of such an HNCO distribution were made,
it could be used to identify a highly evolved chemistry in a low metallicity hot core.
The inner parts of the hot core at this time contain a similar abundance of HNCO to
that seen at 105 years in the L2 model. In model S2, the fractional abundance in the
hot core is similar to that seen at 105 years, which shows that some HNCO was pro-
duced in the gas phase before 105 years, and after this time little more was produced.
The lower dust/gas ratio in model S2 (compared with G1 and L2) means that less of
the parent species that form HNCO are formed on the dust grains, and so the HNCO
production ceases at an earlier time in the S2 model. The HNCO chemistry therefore
reaches a steady state at an earlier time in the S2 model than in the G1 and L2 models.
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Overall, the fractional HNCO abundance could be used in hot cores (up to an age
of around 105 years), to identify whether a hot core can be characterised as having
‘Galactic metallicity’ or ‘low metallicity’. If no, or little, HNCO were observed, it
would indicate that the hot core existed in a region of low metallicity. However, such
an observation could not be used to constrain the metallicity level to a great level of
precision.
4.5.6 HC3N
At 104 years, the fractional abundance of HC3N can be seen in Figure 4.27(a). To a
certain extent the fractional abundance is determined by the dust/gas ratio, particularly
in the inner shells, as discussed in Section 4.3.1. The behaviour seen in models G1
and L2 is similar, as the HC3N abundance increases towards the edge of the hot core.
In model S2, the abundance is fairly constant across the whole hot core, but there is
a slight reduction at the outer edge. These different chemistries can be attributed to
the dust/gas ratio, which is very low in model S2 compared with models G1 and L2,
as seen in Table 4.1. If observations of extragalactic hot cores were made, it is likely
that HC3N would be observed, as the fractional abundances seen here are reasonably
high in all models. At 104 years, a high fractional abundance appears linked to a lower
gas/dust ratio.
Figure 4.27(b) shows the fractional HC3N abundance at 105 years. The fractional
abundance in model G1 has increased by almost two orders of magnitude. The frac-
tional abundance in model L2 has remained similar in the inner shells, and has de-
creased in the outer shells. The fractional abundance in model S2 has decreased, by
almost three orders of magnitude in the inner shells, and one order of magnitude at
the outer shells. The fractional abundances seen in the three models are quite similar,
and it is very unlikely that this species could be used to trace the elemental abundance
or dust/gas ratio at this time. HC3N could be used as a hot core tracer, as it is fairly
abundant in all models, even at low metallicity.
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By 106 years, the HC3N fractional abundance appears to trace the underlying metalli-
city of the hot core. As seen in Figure 4.27(c), the highest fractional abundance is seen
in the most metallic model, G1, and the lowest is seen in the lowest metallicity model,
S2. The fractional abundances seen are fairly high, and should be possible to observe.
As seen in Figure 4.11(b), similar results are produced at this time even when the same
dust/gas ratio is used in each model. This implies that the most important factor here
is the underlying elemental abundances. If a hot core was observed at an age of 106
years, the HC3N abundance could be used to put limits on the underlying elemental
abundances, using this model. The biggest change seen between Figures 4.27(b) and
4.27(c) is the increase in HC3N abundance in model G1, across the whole hot core
radius. This shows that HC3N is efficiently produced in the gas phase in this model,
between 105 and 106 years.
Overall, the fractional HC3N abundance is not a useful metallicity tracer, unless the
age of the hot core being observed is accurately known. However, HC3N could be a
useful hot core tracer, as in all three models at all times, it is produced with fractional
abundances greater than 10−10.
4.5.7 CH3OH
Figure 4.28(a) shows that a high abundance of CH3OH is produced in all three models
at 104 years. An observation of CH3OH in a hot core at this time would not provide
useful information regarding the underlying elemental abundances or dust/gas ratio.
However, CH3OH could be used as a hot core tracer, as the fractional abundances
seen are high in all three models. The CH3OH is most abundant in the inner shells,
up to a radius of 0.04pc, which corresponds to a temperature and density of 45K and
8×10−6cm−3, as seen in Figures 2.2(a) and 2.2(b) respectively. It would therefore ap-
pear that if a fractional CH3OH abundance of around 10−5 is observed in a young
star-forming region, this region is likely to have a temperature and density greater than
or equal to 45K and 8×10−6cm−3 respectively. The species has almost exactly the same
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Figure 4.27: The fractional abundance of HC3N to H in models G1, L2 and S2 at 104, 105 and
106 years.
abundance across the inner and intermediate shells of the hot core in each model. This
is because the CH3OH was formed on the dust grains. At temperatures above 45K, it
is sublimated from the grain surfaces when the protostar “switches on”. The methanol
molecule then exists in the gas phase equally well in all shells up to a radius of 0.04pc
and a time of 104 years, and so this flat distribution of methanol is seen across the
shells.
By 105 years, the fractional abundance seen in model S2 has dropped by a factor of
750 in the inner part of the hot core. This can be seen in Figure 4.28(b). The methanol
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is being destroyed very efficiently in this model. The reaction which destroys the most
methanol at this stage, in all three models is:
H3O+ + CH3OH → CH3OH+2 + H2O (4.13)
Models L2 and G1 also contain a reduced fractional abundance of CH3OH in the inner
and intermediate regions, both by less than an order of magnitude. Figures 4.29(a)
and 4.29(b) show the ratio of CH3OH/H3O+ in the three models, at 104 and 105 years
respectively. It can be seen the ratio is lowest in model S2, at both times. This means
that there is proportionally more H3O+ per CH3OH molecule in model S2. This gives
a greater rate of CH3OH destruction, which can be seen by comparing Figure 4.28(a)
with Figure 4.28(b).
In the outer regions of the hot core, the fractional CH3OH abundance has increased
in all three models between 104 and 105 years. This shows methanol is still being
produced in the gas phase in these cooler, less dense regions. If a hot core was observed
at this stage, it would be possible to identify if the region had very low metallicity, as
the S2 model produces a much lower fractional abundance of methanol than the other
two models.
Figure 4.28(c) shows the CH3OH fractional abundance in each model at 106 years.
By this stage, the fractional abundance has fallen in the inner shells for all models.
The highest fractional abundance seen is lower than 10−7, which is over an order of
magnitude lower than that seen at 105 years in models G1 and L2. It may be possible
to identify the different models and provide limits for their metallicity at this time, as
the fractional abundances seen in the inner regions are quite different, with a higher
abundance corresponding to a higher metallicity. However, there is some crossover
between the models’ fractional abundances at the outer edges.
Overall, this species is not a consistent metallicity tracer. At 104 years, the species is a
good general tracer of hot cores, so if the age of a star-forming region were known it
could be used to identify hot cores within it. CH3OH could be used to determine if a
region containing hot cores is at Galactic or very low metallicity at 105 years or later.
NADYA KUNAWICZ 189
4: HOT CORE MODELLING AT LOW METALLICITY
 1e-16
 1e-14
 1e-12
 1e-10
 1e-08
 1e-06
 1e-04
 0.001  0.01  0.1
Ab
un
da
nc
e 
re
l. 
to
 H
Radius (pc)
CH3OH Depth 
[G1.out.new] CH3OH at 1e4 yrs
[lmc2.out.new] CH3OH at 1e4 yrs
[smc2.out.new] CH3OH at 1e4 yrs
(a) 104 years
 1e-13
 1e-12
 1e-11
 1e-10
 1e-09
 1e-08
 1e-07
 1e-06
 1e-05
 0.001  0.01  0.1
Ab
un
da
nc
e 
re
l. 
to
 H
Radius (pc)
CH3OH Depth 
[G1.out.new] CH3OH at 1e5 yrs
[lmc2.out.new] CH3OH at 1e5 yrs
[smc2.out.new] CH3OH at 1e5 yrs
(b) 105 years
 1e-16
 1e-15
 1e-14
 1e-13
 1e-12
 1e-11
 1e-10
 1e-09
 1e-08
 1e-07
 0.001  0.01  0.1
Ab
un
da
nc
e 
re
l. 
to
 H
Radius (pc)
CH3OH Depth 
[G1.out.new] CH3OH at 1e6 yrs
[lmc2.out.new] CH3OH at 1e6 yrs
[smc2.out.new] CH3OH at 1e6 yrs
(c) 106 years
Figure 4.28: The fractional abundance of CH3OH to H in models G1, L2 and S2 at 104, 105
and 106 years.
If no CH3OH is observed in a hot core at low metallicity, it could be an indication that
the chemistry is highly evolved. An example of this situation would be model S2 at
106 years.
4.5.8 CS
Figure 4.30(a) shows the fractional CS abundance at 104 years in the three models. In
the inner regions of the hot core, the CS behaviour in model S2 is very different to that
seen in models G1 and L2. The fractional abundance of CS in models G1 and L2 is
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Figure 4.29: The ratio of CH3OH/H3O+ to H in models G, L2 and S2 at 104 and 105 years.
fairly high (over 1×10−9) at the innermost shell of the hot core. This fractional abund-
ance then decreases steadily, up to a radius of around 0.015pc in model L2 and 0.04pc
in model G1. In contrast, the S2 model contains the lowest amount of CS in the inner-
most shell, with a fractional abundance of 4×10−13. The fractional CS abundance then
steadily grows as a function of radius, up to a maximum abundance which is reached
between 0.02 and 0.03pc. Beyond this radius, the fractional abundance reaches a plat-
eau, before falling in the outermost shells, from a radius of 0.07pc onwards. Over the
whole hot core, in the G1 model, the fractional CS abundance is highest in the inner
region. The fractional abundance drops fairly steadily with increasing radius, with a
small increase in abundance starting at 0.04pc, which peaks around 0.06pc before rap-
idly dropping back down again. The fractional CS abundance seen in the L2 model
follows a similar pattern to that seen in G1 in the inner regions of the hot core, as
discussed above. Beyond a radius of around 0.015pc, the CS fractional abundance in-
creases fairly rapidly in model L2. A peak is reached around 0.07pc, and after this the
fractional abundance decreases. The behaviour seen in model L2 after 0.015pc is more
similar to that of model S2 than model G1.
The type of chemistry seen in model G1 is very different to that seen in S2. G1 con-
tains a fairly steady fractional CS abundance, which is highest in the innermost shells.
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In this model, the CS could be said to be tracing the temperature/density, to a small
extent, as the fractional abundance tends to decrease with decreasing temperature and
density. Over the whole hot core radius, the fractional abundance drops by a factor
of 50. In the S2 model, the fractional CS abundance is lowest in the inner regions of
the hot core. The abundance grows steadily with radius, up to around 0.025pc where
it plateaus and then decreases. The fractional abundances in this model range from
4×10−13 to 7.4×10−9, so model S2 shows a much wider variance in fractional abund-
ances than models G1 and L2. The chemistry seen in model L2 is a combination of the
chemistries seen in models G1 and S2. Up to a radius of 0.015pc, model L2 behaves
in a similar fashion to model G1, and beyond this radius model L2 resembles model
S2 in terms of behaviour.
The reduction in fractional CS abundance in all three models at 0.07pc occurs as at
this radius, the CS is able to condense onto the dust grains, as seen in Figure 4.30(b),
which shows the fractional abundance of CS on the grain surfaces in each model.
Figure 4.30(c) shows the fractional CS abundance in models G1, L1 and S1 at 104
years. In these models, the dust/gas ratio is kept constant. It can be seen that the CS
fractional abundance is a metallicity tracer under these conditions, as the CS abundance
is highest in G1 (the most metallic model) and lowest in S2 (the least metallic model)
at all radii. This graph provides a sharp contrast to Figure 4.30(a), which shows mod-
els G1, L2 and S2 at the same time. The differences between the two figures can be
explained by the changing dust/gas ratio in models L2 and S2. This shows that the
dust/gas ratio has a far greater effect on the chemistry than changing the input abund-
ances alone. The chemistry in models G1, L1 and S1 appears to be similar, as the
fractional abundance distributions in the three models are similar across the hot core at
104 years. The differing chemistries in models G1, L2 and S2 are caused by the chan-
ging dust/gas ratio, as shown in Table 4.1. Figure 4.31(a) shows how the fractional CS
abundances in models G1, L2 and S2 have evolved, at 105 years. The fractional abund-
ance in the G1 model has increased across most of the hot core, with the exception of
the outer shells where the CS abundance has remained constant. This shows that CS is
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Figure 4.30: The fractional abundance of CS and GCS (grain surface bound CS) to H in models
G1, L2, S2, L1 and S1 at 104 years.
being actively produced in the gas phase in the G1 model between 104 and 105 years.
In the L2 model, the fractional abundance has increased slightly in the inner regions,
and decreased slightly in the outer regions. The fractional abundance in this model is
now reasonably constant across the hot core radius. In the S2 model, the fractional CS
abundance has decreased at all radii, except for the outermost shells where the frac-
tional abundance has remained constant.
Figure 4.31(b) shows the fractional CS abundances in the models at 106 years. In the
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Figure 4.31: The fractional abundance of CS to H in models G1, L2 and S2 at 105 and 106
years.
G1 model, the fractional CS abundance has increased in the inner and outer regions,
and decreased in the intermediate hot core regions. The fractional abundances seen in
model L2 have decreased for most of the hot core radius, showing that CS is being
destroyed in the L2 model by this time. In model S2, the fractional CS abundance has
increased in the inner regions, and decreased towards the outer regions.
Tables 4.6 and 4.7 show the main species which destroy and produce CS at 104, 105
and 106 years in models G1, L2 and S2. It can be seen that CS is destroyed in model
S2 almost solely by atomic oxygen. This is because the oxygen is comparatively more
abundant in the S2 model than in the other models, and so more atomic oxygen per unit
species (not including H2) exists, and is able to destroy other species. The underlying
ratio of (O)/(C+N+S+Fe) is highest in model S2 and lowest in G1, as seen in Table
4.5. This results in atomic oxygen (and some oxygen-bearing species) being compar-
atively more abundant in model S2, and explains the very different behaviour seen in
this model, particularly at early time, when the CS is models G1 and L2 is mostly des-
troyed by carbon-bearing species, H3O+, and H3+. The three models behave in a more
similar fashion at 106 years, when the chemistry has evolved so that in the majority of
shells, the CS destruction is dominated by atomic O or oxygen-bearing H3O+. Table
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4.7 shows that in the outer shells, for all models at all times, all the CS is formed on
the grains, and thermally desorbed into the gas-phase. The formation of CS in the in-
ner and intermediate shells is not dominated by a particular species. Many of the gas
phase formation routes involve species which have formed on the grain surfaces and
then been desorbed when the protostar ‘switched on’, before being broken down into
smaller species and finally CS. Examples of species which have been processed in this
way include H3CS+ and H2CS.
Overall, for models G1, L2 and S2, the fractional CS abundance is not a straightfor-
ward metallicity tracer. This species is very sensitive to changes in the dust/gas ratio,
and if a hot core were observed with a very low CS abundance in the inner regions
(or no CS abundance was observed in the inner regions), it could indicate that the hot
core had a very low dust/gas ratio. This is independent of the age of the hot core, and
so is quite a useful diagnostic. The fractional CS abundance seen in all three models
at all three times, in the outer regions of the hot core, cannot be used to identify the
underlying metallicity or dust/gas ratio of the model. The values seen in the graphs
are similar in the three models, at each time stage. CS is therefore most useful to an
observer who is trying to interpret the dust/gas ratio in a hot core. If the CS fractional
abundance is seen to be strongest at the edges of the hot core, the dust/gas ratio is very
low. If the CS fractional abundance is reasonably constant across the hot core radius,
the dust/gas ratio is likely to be Galactic or similar.
4.5.9 NH3
Figure 4.32(a) shows the fractional NH3 abundance at 104 years in models G1, L2 and
S2. It can be seen that the highest fractional abundance is seen in model G1, across
the whole hot core. The next highest fractional abundance is seen in model L2, and
the lowest fractional abundance in model S2. At 104 years, the NH3 abundance is thus
tracing the underlying metallicity of the models, to some extent. The NH3 is equally
abundant across the whole hot core in model G1. In model L2, the fractional abund-
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Distance from protostar (pc)
Model Time (years) 1.31×10−3 1.16×10−2 1.12×10−1
G1 104 C2H(12%), H3+(11%), H3O+(51%), CRPHOT(18%) C2H(11%), H3+(11%), H3O+(54%), CRPHOT(14%) N(6%), C2H(25%), H3+(54%)
105 C2H(10%), H3+(10%), H3O+(55%), CRPHOT(18%) C2H(8%), H3+(10%), H3O+(62%), CRPHOT(12%) C2H(10%), H3+(72%)
106 C2H(6%), H3+(8%), H3O+(69%), CRPHOT(12%) H3O+(96%) H3+(81%)
L2 104 C2H(7%), H3+(7%), H3O+(74%) C2H(6%), H3+(7%), H3O+(73%) O(100%)
105 H3O+(86%) H3O+(91%) O(14%), H3+(25%), H3O+(14%), HCO+(38%)
106 H3O+(97%) H3O+(95%) C2H (87%), H3+(7%)
S2 104 O(100%) O(100%) O(100%)
105 O(100%) O(100%) O(100%)
106 O(99%) O (99%) O (98%)
Table 4.6: How CS is destroyed in models G1, L2 and S2 at various times and radii. The numbers in brackets are the percentage of CS which
is destroyed by that species at that time. CRPHOT represents a cosmic ray photon breaking up the CS molecule.
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Distance from protostar (pc)
Model Time (years) 1.31×10−3 1.16×10−2 1.12×10−1
G1 104 C2H(95%) C2H(94%) THERM(100%)
105 C2H(33%), HCS(8%), HCS+(36%), H2CS(18%) C2H(29%), HCS+(32%), H3CS+(5%), H2CS(28%) THERM(100%)
106 HCS+(76%), H2CS(15%) HCS+(19%), H3CS+(12%), H2CS(53%) THERM(100%)
L2 104 HCS+(29%), H3CS+(15%), H2CS(45%) CH2(54%), HCS+(9%), H3CS+(15%), H2CS(18%) THERM (100%)
105 HCS+(55%), H3CS+(9%), H2CS(29%) HCS+(47%), H3CS+(10%), H2CS(35%) THERM (100%)
106 HCS+(17%), H3CS+(12%), H2CS(38%) HCS+(18%), H2CS+(6%), H3CS+(24%), H2CS(43%) THERM (100%)
S2 104 SO (85%), H3CS+(7%) SO(84%), H3CS+(7%) THERM (100%)
105 H3CS+(59%), H2CS+(9%), H2CS(18%) HCS+(6%), H2CS+(7%), H3CS+(50%), H2CS+(9%) H2CS(19%) THERM(100%)
106 H2CS+(7%), H3CS+(73%), H2CS(9%) HCS(6%), HCS+(16%), H2CS+(7%), H3CS+(62%), THERM(100%)
Table 4.7: The species from which CS is formed in models G1, L2 and S2 at various times and radii. The numbers in brackets are the percentage
of CS which is produced by that species at that time. THERM represents thermal desorption from the grain surfaces.
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ance drops slightly at the outer edge of the hot core. In model S2, the fractional NH3
abundance drops considerably at the outer edge of the hot core. This reduction in NH3
in the lower metallicity models occurs as NH3 is destroyed by H3O+ in these regions.
The H3O+ abundance is much higher in the outer shells of models L2 and S2 than
G1. This is caused by a much higher abundance of atomic oxygen in the outer shells
of models L2 and S2. The atomic oxygen in these models reacts to form OH/OH+,
and finally H3O+, which goes on to destroy ammonia. In model G1, there is much
less atomic oxygen in the outer shells, and the O atoms present tend to react with
nitrogen/nitrogen-bearing species, to form neutral species such as NO and HNO. At
104 years, the NH3 abundance could be used as a metallicity tracer, as the three models
produce fractional abundances which somewhat reflect the underlying level of metalli-
city in that model. The underlying ratio of nitrogen in models G1/L2 is 9.45, as seen in
Table 4.1. The NH3 ratio in the two models (from the inner shells of the hot core at 104
years) is 9, which reflects the underlying ratio of nitrogen abundances in the models.
However, the underlying nitrogen abundance in models G1/S2 is ∼ 24, whereas the
ratio of NH3 in models G1/S2 (inner shells, 104 years) is ∼ 75. The NH3 abundance
does not directly trace the underlying nitrogen abundance in this case. At 104 years,
the fractional NH3 abundance contains 80% of the underlying nitrogen in models G1
and L2. At the same time, in model S2, only 25% of the underlying nitrogen exists
as NH3. Ammonia forms in the grain surfaces, and the lower fraction of nitrogen in
the S2 model shows that the dust/gas ratio also has an effect on the formation of this
species.
Figure 4.32(b) shows how the fractional NH3 abundance in the three models has evolved,
by 105 years. The fractional abundances in models G1 and L2 are similar to those seen
at 104 years, albeit slightly lower. The fractional abundance in model S2 is much lower
across the whole hot core radius. This change occurs as follows:
In both models, when NH3 is destroyed, it tends to form NH4+. This occurs almost
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100% of the time in S2, and over 80% of the time in model G1. The following reaction:
NH+4 + e− → NH2 (4.14)
has a branching ratio of 0.31 in the models (the NH4+ ion forms NH3 with a branching
ratio of 0.69). However, in model S2, NH2 almost always goes on to react with atomic
oxygen, giving the following products:
NH2 + O → {OH,NO,HNO} (4.15)
Whereas in model G1, NH2 reacts with H2 97% the time, producing ammonia:
NH2 + H2 → NH3 (4.16)
Thus, in model G1 (and L2), the ammonia abundance is maintained at a reasonably
high level between 104 and 105 years. In model S2, the ammonia is destroyed by
atomic oxygen over this time period. In models G1 and L2, a greater proportion of the
atomic oxygen has reacted to form NO, HNO and other nitrogen-bearing species. The
reduced underlying nitrogen abundance in model S thus has two effects on the NH3
abundance:
1. Less NH3 can be formed, as there is less nitrogen to incorporate into this mo-
lecule
2. The NH3 which is formed is much more likely to be destroyed. This is because
there is a higher fractional atomic oxygen abundance, as there is less nitrogen in
the model and so lower abundance of species such as HNO and NO are able to
form.
At 105 years, NH3 could be used as a metallicity tracer, as the three models produce
fractional abundances which reflect the level of metallicity in the model, and can easily
be distinguished from one another.
Figure 4.32(c) shows the fractional NH3 abundance in the models at 106 years. The
fractional abundances in models G1 and L2 have drastically dropped. This is because
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by this time, a large quantity of the available nitrogen is locked up in the N2 molecule.
This can be seen in Figure 4.32(d), which shows the fractional N2 abundance in the
models at 106 years. The fractional NH3 abundance in model S2 is extremely similar
at 105 and 105 years. The same species and reactions are destroying and producing
NH3 at both times. The nitrogen chemistry in this model approaches steady state at
an earlier time than models G1 and L2. At 106 years, NH3 may not be such a useful
tracer of the underlying metallicity of a hot core, as the fractional NH3 abundances in
the three models are more similar than at earlier times.
Overall, the fractional NH3 abundance is a fairly useful metallicity tracer. If the
dust/gas ratio in other galaxies is similar to that in the Milky Way (or reduced by a
factor of up to four, as in the L2 model) then the fractional NH3 abundance directly
traces the underlying nitrogen abundance at 104 years. If a much lower NH3 abund-
ance is seen at this time, it is likely that this is caused by a reduction in the dust/gas
ratio as well as a lower underlying nitrogen abundance. At 105 years, an extremely
low NH3 abundance could indicate a high atomic oxygen abundance in a hot core. A
sub-Galactic NH3 fractional abundance at this time can also indicate a lower underly-
ing nitrogen abundance, coupled with a Galactic/sub-Galactic dust/gas ratio. By 106
years, the usefulness of NH3 as a metallicity tracer has diminished, as the chemistry
becomes more complicated with respect to radius in the higher metallicity models.
4.5.10 Behaviour in the outermost shells
In many of the models, for most species, at most times, it can be seen that the outermost
shells of the hot core contain slightly unusual fractional abundances. For example,
Figure 4.26(a) shows that the fractional HNCO abundance decreases with increasing
radius at 104 years in model G1, but the fractional abundance can be seen to increase
in the outermost shells. In other cases, a fractional abundance which has been steadily
increasing can be seen to reach a plateau. An example of this can be seen in Figure
4.22(a), where the fractional HCO+ abundance at 104 years in model S2 reaches a plat-
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Figure 4.32: The fractional abundance of NH3 to H in models G1, L2 and S2 at 104, 105 and
106 years, and N2 at 106 years.
eau at a radius of 0.07pc. The reason for this unusual behaviour is due to a change in the
type of chemistry which occurs. In the inner and intermediate shells, the high temper-
atures and densities ensure a typical ‘hot core’ chemistry is seen. In the outer shells, the
cooler, less dense regime begins to resemble a dark cloud, and the chemistry changes
accordingly. In the outer shells, the fractional ionisation is higher and so the chemistry
changes as ion-neutral reactions occur more frequently than neutral-neutral reactions
(which dominate in the inner and intermediate shells). As the shell model does not al-
low interaction between shells (chemical or physical), the chemistry seen in this outer
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region does not smoothly integrate with the hot core chemistry. Instead, the differences
between the chemical regimes are starkly visible, and produce these jumps/plateaux in
fractional abundance for some species. Beyond the outer shells, more shells of lower
temperature and density exist within the model (although the results are not displayed).
As the shell models are calculated independently from one another, these further shells
have no effect on the shells which are shown in this thesis. Each shell is calculated as
a single point hot core model, with the same radiation field affecting each model. In
each shell, the high visual extinction is assumed to prevent photoreactions occurring –
all of the shells have a visual extinction greater than 2000AV , as shown in Table 2.4.
These high visual extinctions ensure that no significant photochemistry occurs in any
of the shells modelled.
The different type of chemistry occurring in the outer shells appears to lead to some
very drastic changes in the modelled abundances. This is because the shells are separ-
ated in log space, and the figures in this chapter use a log scale. As the shell number
increases, the shell radius also increases, and the outer two shells actually represent a
fairly large proportion of the model.Figure 4.33 shows the fractional abundances seen
for CO in model G1, on a log scale and a linear scale. It can be seen that, when shown
on a linear scale, the change in the fractional CO abundance appears less sudden.
In this thesis, where possible, I have described and discussed the overall chemistry
of a region, rather than these extreme changes in the outer shells. This is because a
hot core is characteristically described as being hot and dense. At the point where the
chemical regime changes, it could be argued that these regions are not part of the hot
core, but instead the surrounding dark cloud.
4.5.11 Comparison with the results of those of Bayet et al. (2008)
As discussed in Section 4.4, Bayet et al. (2008) modelled hot cores at low metallicity.
Bayet et al. (2008) used these models to identify several species which could be used
as metallicity tracers in hot cores. The Bayet et al. (2008) models included:
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Figure 4.33: The fractional abundance of CO to H in model G1 at 104, 105 and 106 years, on
a log scale and a linear scale.
1. Depleted models – models which had reduced initial elemental abundances (by
a common factor, e.g. 1/10, 1/100) but standard/Galactic physical parameters
2. Low–metallicity models – models which had reduced initial elemental abund-
ances and reduced dust/gas ratio and H2 formation rate
3. Differing–ratio models – models in which the ratios of the elemental abundances
were changed with respect to one another
A comparison of the common species examined in this thesis and by Bayet et al. (2008)
is shown in Table 4.8.
It can be seen that the JBCA and Bayet et al. (2008) models disagree about which
species are useful metallicity tracers. This could be caused by a number of factors,
including:
1. The differing physical complexity of the models
2. The different gas-phase chemistry used – the Bayet et al. (2008) models use
a less recent UDfA release than the models in this thesis. This is particularly
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JBCA Depleted Low–metallicity Differing–ratio
CO Does not trace metallicity Traces metallicity Traces metallicity Traces C
CS Traces dust/gas in inner regions Traces metallicity Traces metallicity Reduced by high underlying O
CH3OH Traces metallicity beyond 105 years Traces metallicity up to 105 years Traces metallicity up to 105 years Mainly traces C
HCN Traces N/C, then general metallicity Does not trace metallicity Does not trace metallicity Traces N
HNC Traces metallicity Does not trace metallicity Does not trace metallicity Traces N
HCO+ Inversely traces metallicity Inversely traces metallicity Inversely traces metallicity Anticorrelates with O
Table 4.8: A comparison of the common species examined in this thesis and by Bayet et al. (2008). The species are analysed for their metallicity
tracing abilities.
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4.6: SUMMARY OF COMPARISONS BETWEEN G1, L2 AND S2
important for methanol, as the gas-phase modelling of this species was changed
in the UDfA Rate 06 release which is used in this thesis.
3. Differences in the surface chemistry used in the models
4. Different interpretations of “metallicity” – Bayet et al. (2008) describes CO as a
poor metallicity tracer, but goes on to say it traces the underlying carbon abund-
ance in a region. In this thesis, that would be considered a good tracer.
The models agree that HCO+ is a good inverse tracer of metallicity. The disagree-
ment between the models over CH3OH can be explained by the different versions of
the UDfA used for the gas-phase chemical reaction networks. Although Bayet et al.
(2008) consider HCN and HNC poor metallicity tracers, they found that these species
trace the underlying nitrogen abundance in a hot core. The results of this thesis show
that HCN and HNC are good tracers of general metallicity. The differences between
the results of the JBCA and Bayet et al. (2008) models show that more benchmarking
is needed to fully explain the differences produced by different hot core models.
4.6 Summary of Comparisons between G1, L2 and S2
The results from models G1, L2 and S2 show that lowering the metallicity changes the
chemistry in a hot core. A reduction in the initial elemental abundances does not dir-
ectly translate into an equal reduction in the fractional abundances of the gas and grain
phase species. For example, if the underlying nitrogen abundance in a region is halved,
the fractional abundance of NH3 is not automatically halved. The interdependencies
of the reaction network are complex, and a change in the underlying elemental abund-
ances can cause different reactions and rates to dominate the chemistry. Generally, it
can be seen that lowering the dust/gas ratio has a more profound effect than altering
the input elemental abundances, for most species. Table 4.9 summarises which species
can be thought of as potential metallicity tracers.
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Species Potential metallicity tracer?
CO Probably not – similar abundances in models G1, L2, S2
HCO+ Possible inverse tracer - could trace cooler, less dense gas in outer shells
HCN Yes – traces lower limit for N/C ratio at 104 years. After this, traces metallicity generally. A low abundance is linked to a high O/C ratio
HNC Yes – traces underlying elemental abundances, not dust/gas
HNCO Possibly – could identify Galactic or sub-Galactic metallicity up to 105 years
HC3N Possibly – if hot core age accurately known, could trace dust/gas at 104 years or elemental abundances at 106 years
CH3OH Possibly – if age of hot core is over 105 years, could identify Galactic or sub-Galactic metallicity
CS Possibly – inner region observations can determine if dust/gas ratio is Galactic or sub-Galactic
NH3 Yes – traces underlying N abundance in more metallic models at 104 & 105 years. Reveals low dust/gas ratio in very low metallicity model
Table 4.9: Possible metallicity tracers in the Multidepth hot core model
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5RATRAN modelling of low metallicity
hot cores.
5.1 Radiative Transfer
The radiative transfer equation describes how radiation travelling through a medium
is affected by the processes of absorption, emission and scattering. The equation of
radiative transfer is as follows: (using notation from Dyson & Williams 1997)
dIν
ds = −κνIν + jν (5.1)
where the specific intensity, Iν, is the energy (erg) per second in the frequency range
ν, v + dν (Hz), crossing unit area (cm2) in unit solid angle (sr); s is the path length
(cm), and κν is the absorption coefficient (including scattering) per unit path length.
The emissivity, jν, is defined so that jν dV dν dΩ dt is the energy emitted by the volume
dV in the frequency range dν during the time dt over a solid angle dΩ.
The optical depth is defined:
τν =
∫
κνds (5.2)
Using dτν = κνds from equation 5.2, equation 5.1 can be written as:
dIν
dτν
= S ν − Iν (5.3)
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where the source function, Sν ≡ jνκν , is independent of the optical depth. The values for
jν and κν can vary throughout the absorbing region. Equation 5.3 is a linear ODE and
can be integrated, using eτν as the integrating factor. This gives:
Iν = Iν0e−τν +
∫ τν
0
S ν exp[−(τν − τ′ν)] dτ′ν (5.4)
The specific flux, Fν, is the specific intensity, Iν, integrated over all solid angles dΩ:
Fν =
∫
Ω
IνdΩ (5.5)
The local mean intensity of the radiation field, Jν, is defined as follows, and can be
thought of as the specific flux at a particular point in space:
Jν =
∫
Ω
IνdΩ∫
Ω
dΩ
=
1
4pi
∫
Ω
IνdΩ (5.6)
This integration extends to infinity.
5.2 RATRAN
RATRAN is a non-LTE radiative transfer code (available online, Hogerheijde & van
der Tak 2000) which can be used for spherically symmetric sources, such as the Mul-
tidepth Hot Core Model. The code can also be used for cylindrically symmetric
sources. RATRAN uses an accelerated Monte Carlo method. In order to use a Monte
Carlo approach, RATRAN models the source as a grid of small cells. Within each
cell, the physical properties (e.g. density, temperature, molecular abundance) are kept
constant. The cells are assumed to be very small, as Hogerheijde & van der Tak (2000)
describe that, “the molecular excitation can be represented by a single value in each
cell, which requires instantaneous spatial and velocity mixing of the gas”. The Monte
Carlo method calculates the local mean intensity of the radiation field, Jν, in each cell,
i, by summing the radiation received from all the other cells in the source. The radi-
ation received from each shell is weighted by the solid angle subtended by that cell in
relation to cell i. Jν is calculated for a number of paths through the source, using the
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CMB radiation as a boundary condition for the source. Accelerated Lambda Iteration
(ALI) is used to expedite the convergence of the model at high optical depth, by sep-
arating the incident (CMB) and locally produced radiation fields. ALI uses ‘operator
splitting’ to speed up the iteration to convergence by approximating the mathematical
operator, Λ, which acts on the source function, Sν to calculate Jν. Λ is a matrix which
describes how the radiation field in cell i depends on each of the other cells in the
source. The approximated value, Λ*, is often chosen to be the diagonal or tri-diagonal
part of the operator Λ, as this quickly leads to a convergence. The addition of ALI to
the Monte Carlo method is useful when using RATRAN in conjunction with the hot
core model results, as the optical depths can become large in the inner regions of the
hot core.
5.2.1 Using RATRAN
RATRAN Hogerheijde & van der Tak (2000) can be used online or oﬄine, to calculate
line profiles for various interstellar species. A spherical model of a hot core was used,
as described in Section 2.4.2. Different RATRAN inputs were taken from each shell
of the hot core model, in order to model the integrated intensities of various trans-
itions for a number of species. The RATRAN inputs used in this thesis are as follows,
generalised for a shell, x:
1. Shell number – Identifies how shells are positioned with respect to one another
2. Density (cm−3) – The H2 density in shell x of the hot core model
3. Temperature (K) – The gas (and dust) temperature in shell x of the hot core
model
4. Abundance (cm−3) – The abundance of a species in shell x at a specified time
5. Inner radius (cm) – The inner radius of shell x, with respect to the internal pro-
tostar
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6. Outer radius (cm) – The outer radius of shell x, with respect to the internal pro-
tostar
7. Line width (km s−1) – Assumed value of 0.9 for all shells
8. Line velocity (km s−1) – Assumed value of 0 for all shells
The value estimated by RATRAN is Jν – this is the observed flux/intensity seen from
a spectral line by an observer. It is measured in K km s−1. Jν was plotted as a function
of projected radius/offset for the hot core models G1, L2 and S2, at 104, 105 and 106
years, for several transitions of some hot core species.
5.3 Modelling the expected line intensity for several hot
core species
The species chosen for modelling were commonly observed hot core species which
can be modelled with RATRAN . The transitions examined were chosen as they are of
frequencies which can be observed at mm and sub-mm wavelengths. The RATRAN
output consists of line profiles for each transition. The results shown in this section
are the integrated intensities of these line profiles. Integrating the line profiles means
that information regarding the internal velocity structure is lost. However, given the
poor observational constraints of the line widths and velocities of hot cores in other
galaxies, it is inappropriate to consider them in detail in the RATRAN modelling.
Table 5.1 lists the frequency and excitation temperature for the RATRAN modelled
transitions of the species considered. Table 5.2 gives the opacity outputs from the
RATRAN modelling using the G1 model.
210 ASTROCHEMICAL MODELLING OF LOW METALLICITY SFRs
5.4: RESULTS FROM THE GALACTIC MODEL
Transition Freq (Ghz) E u/k(K)
HNCO
4(0,4) – 3(0,3) 87.93 10.55
4(1,3) – 3(1,2) 88.24 53.86
5(2,4) – 4(2,3) 109.87 186.1
13CS
2 – 1 46.25 2.22
3 – 2 92.49 6.66
5 – 4 184.98 22.19
7 – 6 277.46 46.61
CS
2 – 1 48.99 2.35
3 – 2 97.98 7.05
5 – 4 195.95 23.51
7 – 6 293.91 49.37
C18O
2 – 1 109.78 5.27
3 – 2 219.56 15.81
4 – 3 329.33 31.61
5 – 4 439.09 52.68
CO
2 – 1 115.27 5.53
3 – 2 230.54 16.6
4 – 3 345.8 33.19
5 – 4 461.04 55.32
H13CN
2 – 1 86.34 4.14
3 – 2 172.68 12.43
4 – 3 259.01 24.86
NH3
3(1,1) – 3(1,0) 22.23 144.03
3(2,1) – 3(2,0) 22.83 128.07
2(1,1) – 2(1,0) 23.10 58.32
1(1,1) – 1(1,0) 23.69 1.14
2(2,1) – 2(2,0) 23.72 42.32
4(4,1) – 4(4,0) 24.14 178.39
5(5,1) – 5(5,0) 24.53 273.24
Table 5.1: The frequency and excitation temperature for the RATRAN modelled transitions of
various species.
5.4 Results from the Galactic Model
5.4.1 13CS
Figure 5.1 shows the RATRAN-modelled intensity of some observable rotational trans-
itions of 13CS at 104 years. The intensities were produced using RATRAN and the
fractional abundances/physical conditions from model G1. The figure shows that the
peak intensity of the hot core increases as the rotational transition number increases.
A similar peak intensity of around 17 K km s−1 is observed at J=7-6 and J=5-4, the
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G1 Model Opacities
104 years 105 years 106 years
13CS
1 – 0 0.02 0.06 0.10
2 – 1 0.05 0.19 0.38
3 – 2 0.09 0.39 0.75
5 – 4 0.20 0.84 1.38
7 – 6 0.26 1.07 1.41
C18O
1 – 0 0.05 0.14 0.83
2 – 1 0.16 0.45 2.78
3 – 2 0.29 0.79 4.74
4 – 3 0.42 1.03 5.78
5 – 4 0.53 1.14 5.64
HCN
1 – 0 3156.00 3918.00 4086.00
3 – 2 19880.00 24320.00 23590.00
4 – 3 26000.00 31420.00 28540.00
H13CN
1 – 0 9.91 12.27 12.76
3 – 2 62.35 75.91 73.62
4 – 3 81.03 97.59 88.54
HC15N
1 – 0 42.55 52.73 54.97
3 – 2 267.20 326.30 316.40
4 – 3 348.60 420.70 381.80
HNC
1 – 0 2470.00 2576.00 3293.00
3 – 2 14840.00 15580.00 18510.00
4 – 3 18680.00 19710.00 21890.00
HN13C
1 – 0 33.36 34.75 44.24
3 – 2 199.90 209.60 248.10
4 – 3 250.70 264.40 292.70
H15NC
1 – 0 7.90 8.23 10.38
3 – 2 47.40 49.29 58.33
4 – 3 59.20 62.41 68.49
HNCO
4(0,4) – 3(0,3) 0.05 0.39 0.33
4(1,3) – 3(1,2) 0.02 0.02 0.02
5(2,4) – 4(2,3) 0.03 0.03 0.03
NH3
3(1,1) – 3(1,0) 945.80 750.90 25.39
3(2,1) – 3(2,0) 5282.00 4191.00 163.00
2(1,1) – 2(1,0) 8101.00 6417.00 426.40
1(1,1) – 1(1,0) 55320.00 43760.00 4028.00
2(2,1) – 2(2,0) 47490.00 37610.00 2762.00
4(4,1) – 4(4,0) 6751.00 5363.00 128.10
5(5,1) – 5(5,0) 1847.00 1466.00 11.40
Table 5.2: Opacities in Model G1 RATRAN outputs
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highest transition levels modelled.
Figure 5.2 shows the intensities for the same transitions in the same model at 105 years.
The intensities have increased by a factor of a few in the time period from 104 to 105
years. This corresponds with the increase in the fractional 13CS abundance between
104 and 105 years, as seen in Figures 5.1(f) and 5.2(f) (G1 is represented by the red
line). At 105 years, the intensities again increase as the J transitions increase, with
the highest intensities being seen at J=7-6 and J=5-4. The peak intensities for these
transitions are around 77 K km s−1.
Figure 5.3 shows the intensities for the same transitions in model G1 at 106 years. The
intensity at 106 years no longer increases as the J number of the transitions increases.
The highest intensities are seen at J=5-4 and J=3-2. Figure 5.3(f) shows that the frac-
tional CS abundance has reduced in the intermediate shells of the hot core, since 105
years. However, in the inner shells the fractional CS abundance has increased, and the
fractional abundance also sharply increases at a hot core radius of 0.05-0.07pc. This
increase causes a peak in the intensity at an offset/projected radius of around 0.06pc,
rather than at a projected radius of zero (the ‘centre’ of the hot core). In all the 13CS
results, the intensity falls sharply at a radius of around 0.08pc. As this gas is only
observed in the inner regions of the hot core, it can be used a dense gas tracer. The
intensity of the 13CS emission changes with time, for each transition. A very low in-
tensity of 13CS is seen in a very young hot core. The highest intensities are seen at
105 years. At 106 years, the fractional CS abundance leads to a bright shell of CS sur-
rounding a less bright inner region. These characteristic 13CS intensity patterns could
be used to constrain the age of a hot core.
5.4.2 C18O
Figures 5.4, 5.5 and 5.6 show the intensities produced by the rotational transitions
J=1-0, J=2-1, J=3-2, J=4-3 and J=5-4 for C18O at 104, 105 and 106 years respectively,
using fractional abundances from model G1. At 104 years, the highest intensity is seen
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Figure 5.1: The intensity of some observable rotational transitions of 13CS, and the fractional
CS abundance, from the G1 model at 104 years.
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Figure 5.2: The intensity of some observable rotational transitions of 13CS, and the fractional
CS abundance, from the G1 model at 105 years.
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Figure 5.3: The intensity of some observable rotational transitions of 13CS, and the fractional
CS abundance, from the G1 model at 106 years.
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at J=4-3, with a peak value of 26 K km s−1. Similar intensities are seen at J=3-2 and
J=5-4.
Figure 5.5 shows that by 105 years, the peak intensities have grown by a factor of 3 or
4. This corresponds with the increase in the CO fractional abundance over this time
period, which can be seen by comparing the red line in Figure 5.4(f) with that in Figure
5.5(f). The highest peak value at of 63 K km s−1 is seen at J=4-3 at 105 years. A similar
intensity is seen at J=3-2.
At 106 years, most of the transitions have started to show self-absorption to some
extent, as seen in Figure 5.6. The intensity seen for each transition at this time has in-
creased since 105 years, in most cases by a factor less than two. However, the intensity
at J=1-0 has increased by a factor greater than four. The change in fractional abund-
ance between 105 and 106 years can be seen by comparing the red line in Figure 5.5(f)
with that in Figure 5.6(f). The fractional CO abundance has increased by a factor of a
few over this time period. The optical depths of all the transitions have increased, as
can be seen in Table 5.2, and all except J=1-0 are now somewhat optically thick. The
increased optical depth of the higher transitions causes the emission to be redistributed
between the different rotational transitions at this time, which is why the J=1-0 trans-
ition intensity has increased so much more than the other transition intensities. The
highest intensities (just over 100 K km s−1) are now seen at J=3-2 and J=2-1, although
similar intensities are seen at J=4-3.
The C18O emission could be used to identify the age of a Galactic hot core. The intens-
ity of each transition increases with time, and so a brighter hot core should be older
and more chemically evolved than a similar sized hot core with a lower C18O intensity,
for these rotational transitions. The presence of self-absorption in the emission spectra
could reveal a highly evolved chemistry in an ‘old’ hot core.
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Figure 5.4: The intensity of some observable rotational transitions of C18O, and the fractional
CO abundance, from the G1 model at 104 years.
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Figure 5.5: The intensity of some observable rotational transitions of C18O, and the fractional
CO abundance, from the G1 model at 105 years.
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Figure 5.6: The intensity of some observable rotational transitions of C18O, and the fractional
CO abundance, from the G1 model at 106 years.
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5.4.3 HCN, H13CN and HC15N
The HCN emission modelled by RATRAN is extremely optically thick, as seen in
Table 5.2. Figures 5.7, 5.8 and 5.9 show the intensity produced by the J=1-0, J=3-2
and J=4-3 transitions of HCN from model G1 at 104, 105 and 106 years respectively.
Figure 5.7 shows that at 104 years, the intensity produced by these three transitions is
very high. The highest peak intensity is seen for the J=1-0 transition (182 K km s−1),
closely followed by the J=3-2 transition (181 K km s−1), and then the J=4-3 transition
(173 K km s−1). The fractional HCN abundance abundance at 104 years is seen in
Figure 5.13(d). It can be seen that the fractional abundance falls sharply at a radius of
0.07pc in the hot core. This is reflected in the intensity profiles for each transition, as
the intensity begins to drop more rapidly around a projected radius of 0.07pc. Even
at the outer edge of the hot core, the HCN intensity is high at 104 years. Each HCN
transition has an intensity greater than 120 K km s−1 at this point.
Figure 5.8 shows the intensity profiles for the same rotational HCN transitions in model
G1 at 105 years. The peak values for each transition are almost exactly the same. At the
outer edge of the hot core, the intensity has increased for each transition. This is caused
by an increase in the fractional HCN abundance at the edge of the hot core between 104
and 105 years, which can be seen by comparing Figure 5.13(d) with Figure 5.14(d).
Figure 5.9 shows the same HCN transitions at 106 years, using results from the G1
model. As in 13CS and C18O, self-absorption has started to occur for all the rotational
transitions at this time. The extent of the self-absorption is small, and is roughly equal
at each transition. The intensity profile for each transition at this time is almost flat-
topped. The intensity for each transition has actually increased between 105 and 106
years, as can be seen at the outer edge of the hot core. The self-absorption effects mask
the intensity increase in the centre of the hot core, resulting in the flat-topped profile.
Throughout the times examined, the highest intensities are seen at J=1-0 and J=3-2,
although the intensities seen at J=4-3 are of a similar magnitude. The peak intensities
do not change much with time. The intensity seen at the outer hot core edges does
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increase with time, in line with the fractional HCN abundance in the G1 model. HCN
could be used as a tracer of hot cores in general, as strong emission is seen throughout
the whole time period. HCN emission could be used to estimate the age of a hot core,
to some extent. If the HCN intensity drops off fairly rapidly at the outer hot core
edge, the hot core could be said to be young (∼104 years). If the HCN intensity drops
off smoothly at the outer edge, the hot core could be identified as being older (∼105
years). A flat-topped intensity profile could indicate a highly evolved hot core (∼106
years). However, the similar intensities seen for all rotational transitions at all the times
examined could make it difficult to estimate a hot core’s age.
Figures 5.10–5.15 show some rotational transitions of H13CN and HC15N at 104,
105 and 106 years. Table 5.2 shows that these species are optically thick at all times
examined, in model G1. The patterns of behaviour seen are the same as those seen
for HCN, although the peak intensities are somewhat lower for H13CN (around 140 K
km s−1), and lower still for HC15N (around 120 K km s−1). These isotopologues could
be used as hot core tracers, as they show strong emission across the whole hot core
radius at all times examined. However, this emission comes from the outer shells, and
so these species cannot be used to probe the internal hot core structure.
5.4.4 H15NC and HN13C
Table 5.2 shows that the RATRAN modelling of HNC produced extremely high opa-
cities – for this reason, the HNC result graphs are not included in this thesis. The
intensities from the rotational transitions of H15NC (an isotopologue of HNC) from
model G1, are seen in Figures 5.16, 5.17 and 5.18. High intensities are seen at each
rotational transition analysed, namely J=1-0, J=3-2 and J=4-3. The highest peak in-
tensity, 120 K km s−1, is seen for J=3-2. The intensity is reduced with increasing
projected radius/offset, although the intensities seen at the outer edge of the hot core
are still high for each transition (between 80 and 100 K km s−1).
There is little difference between the intensities at 104 and 105 years, as seen in Fig-
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Figure 5.7: The intensity of some observable rotational transitions of HCN, and the fractional
HCN abundance, from the G1 model at 104 years.
ures 5.16 and 5.17. This is caused by the almost identical fractional HNC abundances
across the hot core radius at 104 and 105 years, as seen in Figures 5.19(d) and 5.20(d).
At 106 years, self-absorption of the rotational H15NC transition lines occurs, as seen in
Figure 5.18. The intensities at this time have increased, for each transition, as can be
seen at the outer hot core edge. The fractional HNC abundance has increased between
105 and 106 years, for most of the hot core radius, as can be seen by comparing Figure
5.20(d) with Figure 5.21(d). This accounts for the increased H15NC intensity. A sim-
ilar amount of self-absorption is seen for each transition.
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Figure 5.8: The intensity of some observable rotational transitions of HCN, and the fractional
HCN abundance, from the G1 model at 105 years.
Overall, the rotational H15NC transitions could not be used to estimate the age of a
hot core to a great degree of accuracy. If self-absorbed line profiles were observed, it
would indicate that the hot core had an evolved chemistry and was likely to be at least
106 years old. At 104 and 105 years, the line profiles are so similar that they could not
be differentiated from one another, and so a hot core of either age would appear the
same when observed in H15NC.
Another HNC isotopologue, HN13C, was also modelled using RATRAN. The results
are shown in Figures 5.19, 5.20 and 5.21. The results were similar to those seen for
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Figure 5.9: The intensity of some observable rotational transitions of HCN, and the fractional
HCN abundance, from the G1 model at 106 years.
H15NC, in terms of behaviour. The intensities seen were slightly higher, as HN13C
is more abundant than H15NC. The high integrated intensities of HNC, H15NC and
HN13C for all transitions at all times examined, means that these species could be used
as general tracers of hot cores. Like HCN and its isotopologues, these species trace the
gas in the outer shells of the hot core, and so does not probe the inner regions.
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Figure 5.10: The intensity of some observable rotational transitions of H13CN, and the frac-
tional HCN abundance, from the G1 model at 104 years.
5.4.5 HNCO
The intensities of some RATRAN modelled hyperfine HNCO transitions are shown in
Figures 5.22, 5.23 and 5.24. The transitions examined are 4(0,4)-3(0,3), 4(1,3)-3(1,2)
and 5(2,4)-4(2,3). These transitions were chosen as they are at observable frequencies,
as shown in Table 5.1.
Figure 5.22 shows the modelled intensities at 104 years. The highest peak intensity of
9.4 K km s−1 is seen at the transition 4(0,4)-3(0,3). A very low peak intensity of less
than 0.2 K km s−1 is seen for 4(1,3)-3(1,2) - this may not be observable. No emission
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Figure 5.11: The intensity of some observable rotational transitions of H13CN, and the frac-
tional HCN abundance, from the G1 model at 105 years.
is seen for 5(2,4)-4(2,3). For 4(0,4)-3(0,3) and 4(1,3)-3(1,2), the emission is seen for a
very small offset/projected radius (0.045pc and 0.02pc respectively). These rotational
HNCO transitions therefore only trace the very hot, dense gas in the centre of the hot
core. Figure 5.22(d) shows that a high fractional HNCO abundance is seen across the
inner hot core regions, up to a radius of 0.015pc. The fractional abundance then drops,
but remains relatively high up to a radius of 0.04pc. This is the region traced by the
4(0,4)-3(0,3) and 4(1,3)-3(1,2) transitions.
Figure 5.23 shows the modelled rotational HNCO transitions from model G1 at 105
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Figure 5.12: The intensity of some observable rotational transitions of H13CN, and the frac-
tional HCN abundance, from the G1 model at 106 years.
years. The peak intensities for 4(0,4)-3(0,3) and 4(1,3)-3(1,2) have increased, by
factors of 7 and 39 respectively, and the emission is now visible across a larger pro-
jected radius/offset. The highest peak intensity is still seen at 4(0,4)-3(0,3). The frac-
tional HNCO abundance in the inner hot core regions has increased by around one
order of magnitude over this time period, as seen by comparing Figure 5.22(d) with
Figure 5.23(d). The amount of emission has been redistributed between the different
rotational transitions at this time, as the opacity of the 4(0,4)-3(0,3) transition has in-
creased since 104 years, from 0.05 mag to 0.39 mag. This is why the 4(1,3)-3(1,2)
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Figure 5.13: The intensity of some observable rotational transitions of HC15N, and the frac-
tional HCN abundance, from the G1 model at 104 years.
transition intensity has increased so much more than the 4(0,4)-3(0,3) intensity. As the
optical depths of the lower rotational transition lines increase, the emission becomes
redistributed, and so comparatively more emission is seen from the higher rotational
transitions. Hence, a larger proportional increase is seen in the intensity of the 4(1,3)-
3(1,2) line between 104 and 105 years, than the 4(0,4)-3(0,3) line.
Figure 5.24 shows the G1 modelled rotational HNCO transitions at 106 years. The
peak intensities have decreased at this time. The fractional HNCO abundance, as seen
in Figure 5.24(d), has increased in the inner regions of the hot core at this time. The de-
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Figure 5.14: The intensity of some observable rotational transitions of HC15N, and the frac-
tional HCN abundance, from the G1 model at 105 years.
crease in intensity is caused by a further redistribution of the emission. More emission
is coming from higher rotational transition lines, which have a lower optical depth.
Overall, HNCO is not a very useful tracer of the age of a hot core. The emission seen
at 105 and 106 years is not sufficiently different to distinguish between the two times.
However, a very low intensity could indicate a very young hot core. More importantly,
HNCO appears to be a good tracer of the hottest, densest gas in the centre of a hot
core, at all times examined. HNCO could therefore be used as a dense/hot gas tracer.
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Figure 5.15: The intensity of some observable rotational transitions of HC15N, and the frac-
tional HCN abundance, from the G1 model at 106 years.
5.4.6 NH3
Figures 5.25 and 5.26 shows some observable inversion transitions of para-NH3. Table
5.2 shows that the opacity for this species is very high, particularly for the metastable
transitions 1(1,1)–1(1,0), 2(2,1)–2(2,0), 4(4,1)–4(4,0) and 5(5,1)–5(5,0). For all the
transitions examined, the integrated intensity is very high, with peak values in the
range 190–235 K km s−1. All the transitions also show extended emission, with a
high intensity across the whole hot core. Figure 5.25(f) shows that the fractional NH3
abundance in model G1 at 104 years is consistently high across the whole hot core
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Figure 5.16: The intensity of some observable rotational transitions of H15NC, and the frac-
tional HNC abundance, from the G1 model at 104 years.
radius. This causes the strong, extended emission seen from the inversion transitions.
Figures 5.27 and 5.28 show the same transitions at 105 years. The peak intensities
are extremely similar to those seen at 104 years for all transitions. The fractional NH3
abundance is very similar in model G1 at 104 and 105 years, as can be seen by compar-
ing Figure 5.25(f) with Figure 5.27(f). Although the fractional abundance is slightly
lower at 105 years, the integrated intensity values do not reflect this, as the NH3 has
a very high opacity at both 104 and 105 years, as seen in Table 5.2. The high opa-
city means that the emission is optically thick, and so even though the fractional NH3
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Figure 5.17: The intensity of some observable rotational transitions of H15NC, and the frac-
tional HNC abundance, from the G1 model at 105 years.
abundance is reduced, this is not reflected in the integrated intensity, as the emission is
undergoing self-absorption at 104 and 105 years.
Figures 5.29 and 5.30 show the para-NH3 inversion transitions at 106 years. It can be
seen in Table 5.2 that at 106 years, the opacity of the NH3 emission has considerably re-
duced. The most optically thin lines are 3(1,1)-3(1,0) and 5(5,1)-5(5,0). The fractional
NH3 abundance at 106 years is much reduced in the intermediate shells, as seen in
Figure 5.29(f). The metastable transitions, particularly 1(1,1)-1(1,0) and 2(2,1)-2(2,0),
still have a high opacity at 106 years. As a function of projected radius, the intensity is
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Figure 5.18: The intensity of some observable rotational transitions of H15NC, and the frac-
tional HNC abundance, from the G1 model at 106 years.
fairly constant for many of the transitions examined. These transitions are tracing the
high fractional NH3 abundance in the outer shells of the hot core, which can be seen
in Figure 5.29(f). The inversion transitions 4(4,1)-4(4,0) and 5(5,1)-5(5,0) both trace
gas with a higher temperature, as seen in Table 5.1, and so contain emission from more
central regions of the hot core.
NH3 is not a useful tracer of the age of a hot core. Ammonia is highly abundant in the
hot core at all times examined, and so the emission produced has a consistently high
intensity at all times. NH3 could be used as a tracer of the outer regions of hot cores,
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Figure 5.19: The intensity of some observable rotational transitions of HN13C, and the frac-
tional HNC abundance, from the G1 model at 104 years.
to determine the extent of the gas.
5.5 A comparison of the RATRAN outputs at varying
metallicity
The species chosen for modelling were determined on the following bases:
1. They can be observed in hot cores
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Figure 5.20: The intensity of some observable rotational transitions of HN13C, and the frac-
tional HNC abundance, from the G1 model at 105 years.
2. If possible, the lines were not too optically thick
3. It was possible to obtain observed estimates for the isotopic ratios (e.g. 13C/12C)
in the LMC and SMC
It was necessary to model isotopologues of common species, as their non-isotopic
counterparts were extremely optically thick. The isotopic ratios used are shown in
Table 5.3. Tables 5.4, 5.5 and 5.6 show the peak optical depth for the transitions and
species examined, at 104, 105 and 106 years respectively.
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Figure 5.21: The intensity of some observable rotational transitions of HN13C, and the frac-
tional HNC abundance, from the G1 model at 106 years.
G1 L2 S2
12C/13C 761 492 503
16O/18O 4304 20005 -
Table 5.3: Isotopic ratios used in the RATRAN modelling of G1, L2 and S2. 1 Stahl et al.
(2008); 2 Wang et al. (2009a); 3 Chin et al. (1998); 4 Polehampton et al. (2005); 5 Wang et al.
(2009b).
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104 years Opacities
G1 L2 S2
13CS
1 – 0 0.02 0.08 0.10
2 – 1 0.05 0.30 0.35
3 – 2 0.09 0.61 0.71
5 – 4 0.20 1.16 1.38
7 – 6 0.26 1.23 1.49
C18O
1 – 0 0.05 0.05 -
2 – 1 0.16 0.16 -
3 – 2 0.29 0.27 -
4 – 3 0.42 0.38 -
5 – 4 0.53 0.48 -
H13CN
1 – 0 42.55 43.57 10.07
3 – 2 267.20 254.60 63.87
4 – 3 348.60 311.60 83.83
HN13C
1 – 0 33.36 5.73 0.19
3 – 2 199.90 33.18 2.33
4 – 3 250.70 39.73 3.17
HNCO
4(0,4) – 3(0,3) 0.05 0.02 0.02
4(1,3) – 3(1,2) 0.02 0.02 0.02
5(2,4) – 4(2,3) 0.03 0.03 0.03
NH3
3(1,1) – 3(1,0) 945.98 94.55 9.11
3(2,1) – 3(2,0) 5282.00 515.00 46.69
2(1,1) – 2(1,0) 8101.00 709.80 53.49
1(1,1) – 1(1,0) 55320.00 4379.00 275.10
2(2,1) – 2(2,0) 47490.00 4045.00 287.80
4(4,1) – 4(4,0) 6751.00 697.40 66.36
5(5,1) – 5(5,0) 1847.00 198.40 19.38
Table 5.4: Opacities at 104 years
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105 years Opacities
G1 L2 S2
13CS
1 – 0 0.06 0.07 0.03
2 – 1 0.19 0.25 0.07
3 – 2 0.39 0.50 0.14
5 – 4 0.84 0.97 0.28
7 – 6 1.07 1.04 0.31
C18O
1 – 0 0.14 0.09 -
2 – 1 0.45 0.28 -
3 – 2 0.79 0.48 -
4 – 3 1.03 0.62 -
5 – 4 1.14 0.71 -
H13CN
1 – 0 52.73 27.86 0.22
3 – 2 326.30 164.00 2.33
4 – 3 420.70 201.90 3.08
HN13C
1 – 0 34.75 20.56 0.17
3 – 2 209.60 118.90 2.03
4 – 3 264.40 144.10 2.68
HNCO
4(0,4) – 3(0,3) 0.39 0.03 0.02
4(1,3) – 3(1,2) 0.02 0.02 0.02
5(2,4) – 4(2,3) 0.03 0.03 0.03
NH3
3(1,1) – 3(1,0) 750.90 40.97 0.02
3(2,1) – 3(2,0) 4191.00 218.30 0.12
2(1,1) – 2(1,0) 6417.00 274.20 0.50
1(1,1) – 1(1,0) 43760.00 1533.00 3.23
2(2,1) – 2(2,0) 37610.00 1521.00 2.14
4(4,1) – 4(4,0) 5363.00 308.70 0.18
5(5,1) – 5(5,0) 1466.00 90.41 0.04
Table 5.5: Opacities at 105 years
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106 years Opacities
G1 L2 S2
13CS
1 – 0 0.10 0.03 0.01
2 – 1 0.38 0.08 0.03
3 – 2 0.75 0.16 0.05
5 – 4 1.38 0.32 0.10
7 – 6 1.41 0.34 0.14
C18O
1 – 0 0.83 0.14 -
2 – 1 2.78 0.45 -
3 – 2 4.74 0.76 -
4 – 3 5.78 0.95 -
5 – 4 5.64 0.99 -
H13CN
1 – 0 54.97 6.67 0.04
3 – 2 316.40 37.70 0.52
4 – 3 381.80 44.41 0.75
HN13C
1 – 0 44.24 0.12 0.03
3 – 2 248.10 1.55 0.40
4 – 3 292.70 2.05 0.55
HNCO
4(0,4) – 3(0,3) 0.33 1.18 0.02
4(1,3) – 3(1,2) 0.02 0.03 0.02
5(2,4) – 4(2,3) 0.03 0.03 0.03
NH3
3(1,1) – 3(1,0) 25.39 0.04 0.02
3(2,1) – 3(2,0) 163.00 0.28 0.11
2(1,1) – 2(1,0) 426.40 0.66 0.48
1(1,1) – 1(1,0) 4028.00 3.26 2.99
2(2,1) – 2(2,0) 2762.00 2.70 2.00
4(4,1) – 4(4,0) 128.10 0.34 0.18
5(5,1) – 5(5,0) 11.40 0.08 0.04
Table 5.6: Opacities at 106 years
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Figure 5.22: The intensity of some observable rotational transitions of HNCO, and the frac-
tional HNCO abundance, from the G1 model at 104 years.
5.5.1 13CS
Figure 5.31 shows the comparative intensity of the rotational transitions J=1-0, J=2-1,
J=3-2, J=5-4 and J=7-6 in models G1, L2 and S2, at 104 years. At this time, the in-
tensity is much higher in models S2 and L2 than in model G1, for all transitions. The
highest intensity is seen in the model S2 results, although similar intensities are seen
from the L2 results. The lower intensity in model G1 is partly down to the 12C/13C ratio
in the various galaxies, as seen in Table 5.3. In G1, a 12C/13C ratio of 76 was used to
estimate the fractional 13CS abundance, whereas in models L2 and S2, the 12C/13C ra-
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Figure 5.23: The intensity of some observable rotational transitions of HNCO, and the frac-
tional HNCO abundance, from the G1 model at 105 years.
tios used were 49 and 50 respectively. The ratios used result in less 13CS being present
in model G1 compared with models L2 and S2, as a proportion of the total CS in the
model at a particular time. Figure 5.31(f) shows the fractional CS abundance in each
model at 104 years, as a function of distance. In the inner regions of the hot core, there
is a much higher fractional CS abundance in model G1 than model S2, by over three
orders of magnitude. However, in the mid-outer shells of the hot core, there is more
CS in models S2 and L2 than in model G1. It is apparent that the intensity profiles for
the rotational transitions are showing the emission from the outer shells rather than the
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Figure 5.24: The intensity of some observable rotational transitions of HNCO, and the frac-
tional HNCO abundance, from the G1 model at 106 years.
inner part of the hot core. The high intensity seen in models L2 and S2 comes from the
shells which are between 0.02 and 0.07pc from the centre of the hot core, and the gas
in the inner region of the hot core is not seen. This results in limb brightening of the
emission profile, as the intensity peaks at a projected radius away from the centre of
the hot core. This would appear as a brighter ring of intensity surrounding a less bright
centre in an observation. If the observation had perfect resolution this ring could be
seen. However, in a less resolved image the limb brightening effects may be smoothed
away. Table 5.4 shows that the J=5-4 and J=7-6 transitions are slightly optically thick
NADYA KUNAWICZ 243
5: RATRAN MODELLING OF LOW METALLICITY HOT CORES.
 0
 50
 100
 150
 200
 0  0.1
In
te
ns
ity
 (K
 km
 s-
1 )
Projected radius (pc)
NH3 1e4 sky 009.dat
(a) 1(1,1)–1(1,0)
 0
 20
 40
 60
 80
 100
 120
 140
 160
 180
 0  0.1
In
te
ns
ity
 (K
 km
 s-
1 )
Projected radius (pc)
NH3 1e4 sky 008.dat
(b) 2(1,1)–2(1,0)
 0
 50
 100
 150
 200
 0  0.1
In
te
ns
ity
 (K
 km
 s-
1 )
Projected radius (pc)
NH3 1e4 sky 010.dat
(c) 2(2,1)–2(2,0)
 0
 20
 40
 60
 80
 100
 120
 140
 160
 180
 0  0.1
In
te
ns
ity
 (K
 km
 s-
1 )
Projected radius (pc)
NH3 1e4 sky 005.dat
(d) 3(1,1)–3(1,0)
 0
 50
 100
 150
 200
 0  0.1
In
te
ns
ity
 (K
 km
 s-
1 )
Projected radius (pc)
NH3 1e4 sky 007.dat
(e) 3(2,1)–3(2,0)
 1e-12
 1e-11
 1e-10
 1e-09
 1e-08
 1e-07
 1e-06
 1e-05
 1e-04
 0.001  0.01  0.1
Fr
ac
tio
na
l a
bu
nd
an
ce
 (to
 to
tal
 de
ns
ity
)
Radius (pc)
[G1.out.new] NH3 at 1e4 yrs
[lmc2.out.new] NH3 at 1e4 yrs
[smc2.out.new] NH3 at 1e4 yrs
(f) NH3 fractional abundance
Figure 5.25: The intensity of some observable inversion transitions of NH3, and the fractional
NH3 abundance, from model G1 at 104 years.
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Figure 5.26: The intensity of some more observable inversion transitions of NH3, and the
fractional NH3 abundance, from models G1, L2 and S2 at 104 years.
in models L2 and S2. All of the transitions from model G1 are optically thin. The
intensity produced by the model G1 results is much lower than the other models. The
transitions with the highest intensities are J=5-4 and J=7-6 in all three models. The
peak intensities for these transitions are ∼15 K km s−1 in G1, 50-60 K km s−1 in L2
and 60-70 K km s−1 in S2.
Figure 5.32 shows the same transitions for models G1, L2 and S2 at 105 years. The
intensities from the S2 model results have dramatically decreased over the time period
since 104 years, with a peak value of 14 K km s−1 seen for the most intense trans-
ition, a factor of five lower than that seen at 104 years. This corresponds to the drop
in fractional CS abundance in the mid-outer shells of this model, as can be seen by
comparing Figure 5.31(f) with Figure 5.32(f). At 104 years, the fractional CS abund-
ance at a radius of 0.07pc is ∼7×10−9, whereas at 105 years this has dropped to 1×10−9
at the same radius. This factor of seven reduction in fractional CS abundance in the
outer shells matches well with the reduction in peak intensity of J=5-4, which falls by
a factor of five over this time period. The fractional CS abundance in the inner shells
of the hot core has also decreased, although this has less of an effect on the intensity as
the fractional abundance is very low at 104 and 105 years.
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Figure 5.27: The intensity of some observable rotational transitions of NH3, and the fractional
NH3 abundance, from the G1 model at 105 years.
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Figure 5.28: The intensity of some more observable rotational transitions of NH3 at 105 years.
Figure 5.32 shows that the intensities produced by the G1 model results at 105 years
have increased in the time period since 104 years. The peak intensity of the most in-
tense transition (J=5-4) has increased by a factor of 4.75. Figures 5.31(f) and 5.32(f)
show that the fractional CS abundance in model G1 has increased over this time period,
by a factor of around 6.7 in the inner shell. The increase in intensity can be attributed
to this increase in fractional abundance. All of the transitions are optically thin in
model G1 at this time, with the exception of J=7-6 which is slightly optically thick.
The L2 results produce emission with a similar intensity at 104 and 105 years, for all
transitions. This is because the fractional CS abundance in model L2 is similar at 104
and 105 years. Overall, at 105 years, the highest peak intensities are seen in the res-
ults from model G1, for all rotational transitions considered. However, this emission
quickly drops off, and is less extended that that seen from models L2 and S2. The G1
emission traces the whole hot core radius, whereas the L2 and S2 emission traces the
outer shells of the hot core.
Figure 5.33 shows the intensity of the same rotational transitions in the three models
at 106 years. The G1 and L2 models show an intensity peak at a projected radius of
∼0.07pc. This is caused by the correpsonding peak in the fractional CS abundance
in these models, as seen in Figure 5.33(f). If observed with infinite resolution, a hot
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Figure 5.29: The intensity of some observable rotational transitions of NH3, and the fractional
NH3 abundance, from the G1 model at 106 years.
248 ASTROCHEMICAL MODELLING OF LOW METALLICITY SFRs
5.5: A COMPARISON OF THE RATRAN OUTPUTS AT VARYING METALLICITY
 0
 50
 100
 150
 200
 0  0.1
In
te
ns
ity
 (K
 km
 s-
1 )
Projected radius (pc)
NH3 1e4 sky 011.dat
(a) 4(4,1)–4(4,0)
 0
 50
 100
 150
 200
 0  0.1
In
te
ns
ity
 (K
 km
 s-
1 )
Projected radius (pc)
NH3 1e4 sky 012.dat
(b) 5(5,1)–5(5,0)
Figure 5.30: The intensity of some more observable rotational transitions of NH3 at 106 years.
core of this age would show a bright ring of 13CS, at around 0.06pc from the inner part
of the hot core. The intensities seen in the model S2 transitions are extremely low,
with peak intensity values below 2 K km s−1. The fractional CS abundance in model
S2 has decreased at 106 years when compared with that at 105 years, particularly at
a distance of 0.01-0.08pc. The fractional abundance in this region has decreased by
over an order of magnitude. This explains the large drop in intensity over this time
period, in model S2, as almost all of the intensity at 105 years comes from these mid-
outer shells. The intensities seen for models G1 and L2 are lower at 106 years than at
105 years. This is because the fractional CS abundances in both models are reduced
across most of the hot core, as can be seen by comparing Figure 5.32(f) with Figure
5.33(f). The exception to this statement is the 0.07pc peak. The peak forms as CS
is still thermally desorbing from the grain surfaces at 106 years in all three models at
a distance of 0.07pc. However, the species which destroy CS, e.g. C2H, atomic O,
as shown in Table 4.6, are approaching chemical equilibrium at this time. Thermally
desorbed CS thus causes an increase in the fractional CS abundance at this time and
radius.
The intensities of the rotational 13CS transitions seen in the three models at the three
times provide some interesting illustrations of the effects of the underlying chemistry
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on the intensity profiles. A hot core at Galactic metallicity is seen to produce an in-
creasing 13CS intensity with increasing time. The opposite is true for the lower metalli-
city models, where the 13CS intensity is dramatically reduced as the hot core chemistry
evolves. These results could prove useful as a means of determining the comparative
age/chemical evolution of a group of hot cores. If several hot cores were observed in
the LMC (or SMC), a high 13CS intensity would indicate that a hot core was young, and
a low 13CS intensity would indicate an older hot core. At each of the times examined
(particularly 104 and 105 years), the 13CS emission is seen to be more extended in
models L2 and S2, when compared with model G1. The emission from models L2 and
S2 is tracing the mid-outer shells of the hot core, rather than the central region. The
emission from model G1 is tracing 13CS from a more central region. This informa-
tion could be used when making observations of hot cores at low metallicity, as if it
were assumed that the 13CS traces the central parts of the hot core, then it could be
thought that low metallicity hot cores are extremely large, owing to the extended 13CS
emission. This is not the case, as the underlying models show.
5.5.2 C18O
Figure 5.34 shows the J=1-0, J=2-1, J=3-2, J=4-3 and J=5-4 rotational transitions of
C18O at 104 years, in models G1 and L2. The results from model S2 have not been
analysed, as a reliable estimate for the 16O/18O ratio in the SMC could not be found.
The CO abundances from models G1 and L2 were reduced using 16O/18O ratios of 430
and 2000, respectively, as seen in Table 5.3. It can be seen in Figure 5.34(f) that the
fractional CO abundance in model G1 is similar to that of model L2 in the inner regions
of the hot core. The fractional abundance in L2 grows with increasing radius from
the protostar, whereas the G1 fractional abundance remains quite flat with increasing
radius, up to 0.05pc. The most noticeable difference in CO abundance between the two
models is at a radius of 0.05pc, where the fractional CO abundance increases in L2, but
falls sharply in G1. This difference in fractional abundance in the outer shells results
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Figure 5.31: The intensity of some observable rotational transitions of 13CS, and the fractional
CS abundance, from models G1, L2 and S2 at 104 years. For the G1 results, a 12C/13C ratio of
76 was used to estimate the fractional 13CS abundance Stahl et al. (2008). For L2, a 12C/13C
ratio of 49 was used Wang et al. (2009a), and for S2 a ratio of 50 was used Chin et al. (1998).
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Figure 5.32: The intensity of some observable rotational transitions of 13CS, and the fractional
CS abundance, from models G1, L2 and S2 at 105 years. For the G1 results, a 12C/13C ratio of
76 was used to estimate the fractional 13CS abundance Stahl et al. (2008). For L2, a 12C/13C
ratio of 49 was used Wang et al. (2009a), and for S2 a ratio of 50 was used Chin et al. (1998).
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Figure 5.33: The intensity of some observable rotational transitions of 13CS, and the fractional
CS abundance, from models G1, L2 and S2 at 106 years. For the G1 results, a 12C/13C ratio of
76 was used to estimate the fractional 13CS abundance Stahl et al. (2008). For L2, a 12C/13C
ratio of 49 was used Wang et al. (2009a), and for S2 a ratio of 50 was used Chin et al. (1998).
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in the emission from model L2 being much more extended than that of G1, for all the
transitions examined. The peak intensity for each transition is lower in model L2 than
in G1. This is because the 16O/18O ratio is higher in the LMC, and so the proportion of
18O is lower in the L2 model, which results in a lower intensity being modelled. The
highest peak intensity in both models is seen for the transition J=4-3. The emission
from both models is optically thin, as seen in Table 5.4.
Figure 5.35 shows the same transitions in models G1 and L2, at 105 years. The peak
intensity for each transition in both models has increased since 104 years, by a range
of factors between two and four. The highest peak intensity is again at the J=4-3
transition. The peak emission remains higher in model G1, and the emission is still
more extended in model L2. Figure 5.34(f) shows that the fractional CO abundance
in both models has increased across most of the hot core radius, since 104 years. This
increase is of a similar magnitude to the intensity increase in the same time period. At
the outer edge of the hot core, the fractional CO abundance in model G1 is the same at
104 and 105 years, whereas the fractional CO abundance in the outer shells of model L2
increases over this time period. This results in the continuation of the more extended
emission seen in model L2, compared with G1. At 105 years, the emission from the
J=5-4 and J=4-3 transitions has become optically thick in model G1. Figures 5.35(d)
and 5.35(e) show a flattening in the region of the peak intensity for these transitions,
which is caused by self-absorption. All of the transitions from model L2 are optically
thin at this time.
Figure 5.36 shows the C18O rotational transitions at 106 years, in models G1 and L2.
It can be seen that again, for all transitions, the highest peak intensity is in model G1,
and the L2 emission is more extended. The highest peak intensity in model G1 is at the
J=2-1 transition, and in model L2 it is at the J=3-2 and J=4-3 transitions. Figure 5.36(f)
shows that the fractional CO abundance in G1 has increased at a radius of 0.05pc, since
105 years, by an order of magnitude. This increase results in an increased intensity at
a higher projected radius, as the mid-outer shells of the hot core contribute more to
the intensity profile. This also results in a flattening of the profile, as the mid-outer
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shells shield the contribution of the inner shells. Some self-absorption occurs, as the
emission has become optically thick for all the transitions except J=1-0, as seen in
Table 5.6. Figure 5.36(f) shows that the fractional CO abundance in model L2 has
increased slightly across most of the hot core radius, since 105 years. This causes the
intensity for each transition to be slightly higher at 106 years compared with that at
105 years. The intensity profiles from model L2 remain fairly flat and extended. The
emission remains optically thin. Overall, it appears that the C18O emission from a hot
core brightens as the hot core chemistry evolves, in both models. This could be used
to differentiate between older and younger hot cores which are observed in the same
galaxy. Observers should note that the extended emission in model L2 traces the outer
shells of the hot core. The extended emission reflects the distribution of the underlying
fractional abundance in the model, rather than the physical size of the hot core, which
is the same in models G1 and L2.
5.5.3 H13CN
Figure 5.37 shows the emission from the J=1-0, J=3-2 and J=4-3 rotational transitions
from models G1, L2, and S2 at 104 years. The 12C/13C ratios used to reduce the HCN
abundances from the three models are the same as were used for the 13CS modelling.
The peak intensities are very high for all three models and all transitions, with values
ranging from 120–140 K km s−1. Table 5.4 shows that all the transitions in the three
models produce optically thick emission at 104 years. In the outer shells of the hot core,
more emission is seen from model L2 than models G1 and S2. Figure 5.37(d) shows
that the fractional HCN abundance in model L2 increases towards the edge of the hot
core, whereas models G1 and S2 exhibit sharp dips in the fractional HCN abundance
in the outer shells. This outer-shell emission in model L2 causes the more intense ex-
tended emission seen in Figure 5.37. The intensity profiles for the rotational transitions
from model L2 are very flat. This is because the emission from the outer shells shields
the emission from the inner regions. The H13CN emission in this model is thus tracing
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Figure 5.34: The intensity of some observable rotational transitions of C18O, and the fractional
CO abundance, from the G1 and L2 models at 104 years. The CO abundances from models
G1 and L2 were reduced using 16O/18O ratios of 430 and 2000 respectively. These ratios were
taken from Polehampton et al. (2005) and Wang et al. (2009b).
256 ASTROCHEMICAL MODELLING OF LOW METALLICITY SFRs
5.5: A COMPARISON OF THE RATRAN OUTPUTS AT VARYING METALLICITY
 0
 2
 4
 6
 8
 10
 12
 14
 16
 0  0.1
In
te
ns
ity
 (K
 km
 s-
1 )
Projected radius (pc)
GC18O 1e5 001
LC18O 1e5 001
(a) J=1–0
 0
 5
 10
 15
 20
 25
 30
 35
 40
 45
 0  0.1
In
te
ns
ity
 (K
 km
 s-
1 )
Projected radius (pc)
GC18O 1e5 002
LC18O 1e5 002
(b) J=2–1
 0
 10
 20
 30
 40
 50
 60
 0  0.1
In
te
ns
ity
 (K
 km
 s-
1 )
Projected radius (pc)
GC18O 1e5 003
LC18O 1e5 003
(c) J=3–2
 0
 10
 20
 30
 40
 50
 60
 0  0.1
In
te
ns
ity
 (K
 km
 s-
1 )
Projected radius (pc)
GC18O 1e5 004
LC18O 1e5 004
(d) J=4–3
 0
 10
 20
 30
 40
 50
 0  0.1
In
te
ns
ity
 (K
 km
 s-
1 )
Projected radius (pc)
GC18O 1e5 005
LC18O 1e5 005
(e) J=5–4
 1e-08
 1e-07
 1e-06
 1e-05
 1e-04
 0.001  0.01  0.1
Ab
un
da
nc
e 
re
l. 
to
 H
Radius (pc)
CO Depth 
[G1.out.new] CO at 1e5 yrs
[lmc2.out.new] CO at 1e5 yrs
[smc2.out.new] CO at 1e5 yrs
(f) CO fractional abundance
Figure 5.35: The intensity of some observable rotational transitions of C18O, and the fractional
CO abundance, from the G1 and L2 models at 105 years. The CO abundances from models
G1 and L2 were reduced using 16O/18O ratios of 430 and 2000 respectively. These ratios were
taken from Polehampton et al. (2005) and Wang et al. (2009b).
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Figure 5.36: The intensity of some observable rotational transitions of C18O, and the fractional
CO abundance, from the G1 and L2 models at 106 years. The CO abundances from models
G1 and L2 were reduced using 16O/18O ratios of 430 and 2000 respectively. These ratios were
taken from Polehampton et al. (2005) and Wang et al. (2009b).
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the outer shells of the hot core. The intensity profiles produced by models G1 and S2
are also fairly flat. The fractional HCN abundances for these models, seen in Figure
5.37(d), are fairly flat across most of the hot core. The emission seen does not come
from the central regions, as the high H13CN abundances in the mid-outer shells cause
the transition lines to become optically thick. At 104 years, all the emission from the
transitions is tracing the outer and mid-outer shells.
Figure 5.38 shows the same transitions for models G1, L2 and S2 at 105 years. The
intensity seen from the transitions of model G1 is very similar to that seen at 104
years. The peak intensities are almost identical, the main changes occur at the projec-
ted radii/offsets after 0.07pc, where the intensity increases between 104 and 105 years.
This is caused by an increase in the fractional HCN abundance in the outer shells of
model G1, as can be seen by comparing Figure 5.37(d) with Figure 5.38(d). It can
also be seen that the fractional HCN abundance across the hot core remains similar
this time period, up to a radius of 0.07pc. As the peak intensity does not increase over
this time period, but the intensity at a greater projected radius/offset does, it can be
concluded that the line is saturated. Self absorption prevents the intensity increasing
at small projected radii, whereas at larger projected radii, the effects of the increased
fractional abundance in the outer shells can be seen as the intensity increases. The
fractional HCN abundance drops slightly across the whole hot core radius in model
L2 between 104 and 105 years. This is translated as a very slight drop in intensity for
all transitions, as the optical depth of the lines remains high. Observationally, a hot
core at the metallicity of model L2 would look the same at 104 and 105 years. The
intensities of the transitions modelled using the S2 results drop dramatically between
104 and 105 years, by factors in the range 1.6–3.25. This corresponds to a large drop in
the fractional HCN abundance, which occurs in this model over this time period, in the
middle and outer shells of the hot core. This can be seen by comparing Figure 5.37(d)
with Figure 5.38(d). The J=1-0 emission is optically thin at 105 years in model S2.
Figure 5.39 shows the same transitions for the three models at 106 years. Self-absorption
can be seen in the intensity profiles produced using the G1 and L2 models, as the in-
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tensity dips at the lowest projected radii. The intensity profiles from these models
are very flat, as the emission seen comes from the outer shells. Figure 5.39(d) shows
that the fractional HCN abundance in model G1 has increased at the inner and outer
edges of the hot core, but reduced in the middle shells. Model L2 has a reduced HCN
abundance across the whole hot core, except for the innermost shell which has the
same fractional abundance at 105 and 106 years. The fractional abundance in model
S2 has fallen across the whole hot core, particularly in the inner shells. The intensit-
ies produced by models L2 and S2 have reduced since 105 years. For all transitions
examined, the intensities produced by the three models are distinct from one another,
and the underlying metallicity could potentially be estimated by comparing observa-
tions from the Milky Way and the LMC or SMC.
The H13CN emission is optically thick for many of the transitions examined. This
species could be used to trace the extent of the outer shells of a hot core, but it does
not provide information about the inner shells in models G1 and L2. The H13CN in-
tensity is fairly consistent over time in a hot core with Galactic metallicity, although
self-absorption does somewhat reduce the intensity by 106 years. The H13CN intens-
ity produced using the model L2 results is also similar at 104 and 105 years, although
again after this time it is reduced by a factor of around 20%. The H13CN intensity in
model S2 changes dramatically with time. This species could be used as a ‘chemical
clock’ in low metallicity regions, to comparatively estimate the ages amongst a group
of hot cores.
5.5.4 HN13C
Figure 5.40 shows the rotational transitions J=1-0, J=3-2 and J=4-3 for HN13C in
models G1, L2 and S2, at 104 years. The peak intensities are highest in model G1, and
lowest in S2. This matches the variation in the fractional abundances in the models, as
can be seen in Figure 5.40(d). The emission in models G1 and L2 is more extended
than that in model S2. This is because the outer shells of models G1 and L2 contain
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Figure 5.37: The intensity of some observable rotational transitions of H13CN, and the frac-
tional HCN abundance, from models G1, L2 and S2 at 104 years. For the G1 results, a 12C/13C
ratio of 76 was used to estimate the fractional 13CS abundance Stahl et al. (2008). For L2, a
12C/13C ratio of 49 was used Wang et al. (2009a), and for S2 a ratio of 50 was used Chin et al.
(1998).
a high HNC abundance, and so the emission is tracing the gas in the outer shells. The
optical thickness of the emission from the outer shells prevents the emission from the
inner shells being observed. Model S2 shows a sharp drop in fractional HNC abund-
ance at a radius of 0.055pc. This corresponds to a sharp drop in intensity at a projected
radius of 0.55pc, as the outer shells of model S2 do not contribute much HN13C emis-
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Figure 5.38: The intensity of some observable rotational transitions of H13CN, and the frac-
tional HCN abundance, from models G1, L2 and S2 at 105 years. For the G1 results, a 12C/13C
ratio of 76 was used to estimate the fractional 13CS abundance Stahl et al. (2008). For L2, a
12C/13C ratio of 49 was used Wang et al. (2009a), and for S2 a ratio of 50 was used Chin et al.
(1998).
sion. The intensity ranges produced by the three models for each transition are distinct
from one another, and somewhat reflect the underlying metallicity of the model from
which they are calculated. However, almost all of the transitions are optically thick at
104 years, as seen in Table 5.4, and so the emission seen traces only the outer shells of
the hot core. If the age of a hot core could be accurately estimated to be 104 years, the
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Figure 5.39: The intensity of some observable rotational transitions of H13CN, and the frac-
tional HCN abundance, from models G1, L2 and S2 at 106 years. For the G1 results, a 12C/13C
ratio of 76 was used to estimate the fractional 13CS abundance Stahl et al. (2008). For L2, a
12C/13C ratio of 49 was used Wang et al. (2009a), and for S2 a ratio of 50 was used Chin et al.
(1998).
HN13C intensity could be used to estimate the underlying metallicity, using the trans-
itions shown in Figure 5.40.
Figure 5.41 shows the same transitions at 105 years, for models G1, L2 and S2. The
fractional HNC abundance in model G1 is almost identical at 104 and 105 years. This
is reflected in the intensity profiles for the G1 HN13C transitions, which are also al-
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most identical at 104 and 105 years. The intensity profiles produced using the model
L2 results increase between 104 and 105 years. This corresponds to an increase in
fractional HNC abundance across the whole hot core, as seen by comparing Figure
5.40(d) with Figure 5.41(d). The intensity profiles for models G1 and L2 at 105 years
are very similar. However, Figure 5.41(d) shows that the fractional HNC abundance
in the models is different, by a factor of 2–3. The similar intensity profiles occur as
the outermost shells of the models contain very similar fractional HNC abundances.
Most of the emission seen comes from these shells, as the high fractional abundance
produces a high optical depth. The emission from the intermediate and central shells
of the hot core is barely seen, as the optical thickness of the outer shells shields the
internal emission. At very low projected radii/offsets, there is some difference in in-
tensity between models G1 and L2. This difference is caused by the emission from the
mid/inner shells hot core, as a small amount of this intensity is able to penetrate the
optically thick outer shells to reach the observer. The intensities seen from the trans-
itions modelled using the S2 results are of a similar magnitude to those seen at 104
years. The fractional HNC abundance in model S2 has increased in the inner regions,
and decreased in the intermediate shells, since 104 years. The peak intensity values at
105 years are slightly lower than those seen at 104 years. This shows that the emission
is tracing the intermediate regions rather than the inner shells, as this decrease corres-
ponds with the decreased fractional abundance in the intermediate shells, rather than
the increased fractional HNC abundance in the inner shells.
Figure 5.42 shows the rotational HN13C transitions for the models at 106 years. The
intensities seen from the three models at this time can be easily distinguished from one
another. The intensities associated with model G1 are very high. They are slightly
reduced from those seen at 105 years. This is caused by the reduction in fractional
HNC abundance in the intermediate shells which occurs over this time period. The
fractional HNC abundance in the inner and outer shells increases between 105 and 106
years. It can be seen that almost all the intensity is coming from the outermost shells,
as the intensity profile is almost rectangular. The emission is tracing the outer shells
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only. The lines are self absorbed, as can be seen in the inner 0.06pc where the intensity
slightly dips. The intensity profiles produced using model L2 are much reduced when
compared with those at 105 years. The J=1-0 transition is optically thin at 106 years,
and so the emission seen comes from the whole hot core. The intensity peaks at a
projected radius of zero, which corresponds with a peak in fractional HCN abundance
at the centre of the hot core (shown in Figure 5.42(d)). The intensities created from
the model S2 results are lower at 106 years than at 105 years, by factors ranging from
2-4. This corresponds to a large drop in the fractional HNC abundance in model S2, as
seen by comparing Figure 5.41(d) with Figure 5.42(d). The HN13C emission from this
model at 106 years is optically thin, and can thus be used to reveal the distribution of
HN13C in the hot core.
The HN13C intensity in model G1 is fairly consistent with time – a similar intensity
is seen at all times considered, and the emission seen comes from the outer shells of
the hot core. The HN13C intensity in model L2 increases by around 20% between 104
and 105 years, before significantly decreasing after this time. The HN13C intensity in
model S2 is fairly similar at 104 and 105 years, and after this time the intensity falls
dramatically. This information could be used to identify older hot cores, as the low
intensities for all transitions considered in models L2 and S2 indicate a hot core age
of ≥106 years. If hot cores at low metallicity with low HN13C intensities are observed,
this species could be used to probe the structure and inner shells of the hot core, as the
models predict these rotational transitions will be optically thin.
5.5.5 HNCO
Figure 5.43 shows the hyperfine 4(0,4)-3(0,3), 4(1,3)-3(1,2) and 5(2,4)-4(2,3) HNCO
transitions at 104 years in models G1, L2 and S2. It can be seen that the 5(2,4)-4(2,3)
transition does not produce observable intensities in any of the models. Model G1
produces peak intensities of 9.3 and 0.16 K km s−1 for 4(0,4)-3(0,3) and 4(1,3)-3(1,2)
respectively. This emission traces the central shells of the hot core only. Figure 5.43(d)
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Figure 5.40: The intensity of some observable rotational transitions of HN13C, and the frac-
tional HNC abundance, from models G1, L2 and S2 at 104 years. For the G1 results, a 12C/13C
ratio of 76 was used to estimate the fractional 13CS abundance Stahl et al. (2008). For L2, a
12C/13C ratio of 49 was used Wang et al. (2009a), and for S2 a ratio of 50 was used Chin et al.
(1998).
shows the fractional HNCO abundance in the models at this time. It can be seen that
model G1 has a much higher fractional HNCO abundance in the inner shells than mod-
els L2 and S2, by over two orders of magnitude. This is why the intensity is so much
stronger in the results from model G1. The 4(0,4)-3(0,3) and 4(1,3)-3(1,2) transitions
trace the inner region of the hot core, up to a radius of around 0.02pc. The models thus
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Figure 5.41: The intensity of some observable rotational transitions of HN13C, and the frac-
tional HNC abundance, from models G1, L2 and S2 at 105 years. For the G1 results, a 12C/13C
ratio of 76 was used to estimate the fractional 13CS abundance Stahl et al. (2008). For L2, a
12C/13C ratio of 49 was used Wang et al. (2009a), and for S2 a ratio of 50 was used Chin et al.
(1998).
indicate that it should not be possible to observe HNCO in a young hot core with a low
underlying metallicity.
Figure 5.44 shows the same transitions for models G1, L2 and S2 at 105 years. The
HNCO intensity in model G1 has increased considerably since 104 years. The peak
intensities at 105 years are 70 K km s−1 for 4(0,4)-3(0,3) and 6.4 K km s−1 for 4(1,3)-
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Figure 5.42: The intensity of some observable rotational transitions of HN13C, and the frac-
tional HNC abundance, from models G1, L2 and S2 at 106 years. For the G1 results, a 12C/13C
ratio of 76 was used to estimate the fractional 13CS abundance Stahl et al. (2008). For L2, a
12C/13C ratio of 49 was used Wang et al. (2009a), and for S2 a ratio of 50 was used Chin et al.
(1998).
3(1,2). These values represent respective increases of 750% and 400%, when com-
pared with the values at 104 years. The fractional HNCO abundance in model G1
increases by around one order of magnitude in the inner regions of the hot core over
the time period between 104 and 105 years, as seen by comparing Figure 5.43(d) with
Figure 5.44(d). The 4(0,4)-3(0,3) transition is tracing a larger part of the hot core at
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105 years, as the emission has extended to a projected radius of 0.05pc. The HNCO
is tracing gas in which the fractional HNCO abundance is greater than 10−10 in this
model. Some emission is seen from model L2 at 105 years, for the transition 4(0,4)-
3(0,3) only. The emission is extended, and has almost constant intensity across the
whole projected radius. The intensity is very low, with an average value around 1.5
K km s−1. This emission is tracing the HNCO from the outer shells of the hot core.
Figure 5.44(d) shows that the peak fractional HNCO abundance is seen in the outer
shells of the hot core, with an approximate value of 2×10−11. This is the gas which
the 4(0,4)-3(0,3) transition is tracing. No emission is seen from the S2 model. The
transition 5(2,4)-4(2,3) again does not produce any observable intensities from any of
the models at 105 years.
Figure 5.45 shows the same HNCO transitions for models G1, L2 and S2 at 106 years.
The intensity for the transition 4(0,4)-3(0,3) in model G1 is fairly similar to that seen
at 105 years, although its peak value has reduced to around 56 K km s−1 and the emis-
sion is slightly more extended. These changes are caused by changes in the fractional
HNCO abundance in G1, at a radius of around 0.05pc. The 4(1,3)-3(1,2) intensity for
model G1 is also reduced, and slightly extended. No 5(2,4)-4(2,3) emission is seen
for this model. The intensities for the transitions using the results from model L2 have
greatly increased since 105 years. The peak intensity for 4(0,4)-3(0,3) is over 120 K km
s−1 – this line is optically thick, so self-absorption could be masking an even higher
peak intensity. The intensity increase is caused by a large increase in the fractional
HNCO abundance at 106 years in the outer shells of model L2, which can be seen by
comparing Figure 5.44(d) with Figure 5.45(d). This increase occurs at a hot core radius
of around 0.065pc. The intensity profiles show some limb-brightening effects, which
are caused by the high intensity coming from the outer shells. All three transitions are
seen in the model L2 results, although the 5(2,4)-4(2,3) transition is very weak, with
an intensity of around 0.04 K km s−1.
The model results indicate that HNCO may only be observable in hot cores with
Galactic metallicity, at times up to 105 years. At 106 years, a great deal of HNCO
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Figure 5.43: The intensity of some observable rotational transitions of HNCO, and the frac-
tional HNCO abundance, from models G1, L2 and S2 at 104 years.
emission is seen in model L2. If strong HNCO emission were to be observed in a low
metallicity hot core, it would indicate a highly evolved chemistry, and a hot core age
∼106 years.
5.5.6 NH3
Figures 5.46 and 5.47 show some inversion transitions of para-NH3 from models G1,
L2 and S2 at 104 years. All three models produce high peak intensities for all trans-
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Figure 5.44: The intensity of some observable rotational transitions of HNCO, and the frac-
tional HNCO abundance, from models G1, L2 and S2 at 105 years.
itions. The emission from models G1 and L2 is more extended than that from model
S2, for all transitions. This is because the outer shells of model S2 contain much less
NH3 than the outer shells of models G1 and L2, as can be seen in Figure 5.46(f). The
metastable transitions 1(1,1)-1(1,0) and 2(2,1)-2(2,0) have the flattest intensity pro-
files, as the bulk of the emission seen in these models is from the outer shells of the
hot core. 3(1,1)-3(1,0) is potentially the most useful metallicity tracer transition at 104
years, as the peak intensities differ between the models by around 20 K km s−1, and
the intensities decrease with decreasing metallicity, across the whole projected radius.
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Figure 5.45: The intensity of some observable rotational transitions of HNCO, and the frac-
tional HNCO abundance, from models G1, L2 and S2 at 106 years.
All the transitions in all the models have a high peak integrated intensity at 104 years,
which means that NH3 could be used a general tracer to locate hot cores at this time,
independently of metallicity. All of the transitions in the three models are optically
thick at 104 years, as seen in Table 5.4. The emission seen comes from the outer shells
of the hot core.
Figures 5.48 and 5.49 show the same transitions at 105 years. The intensities produced
by the different models are easily discernable at this time, as the peak intensities differ
dramatically for some transitions, e.g. 3(2,1)-3(2,0) in Figure 5.46(e). The opacities
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for the different transitions in the three models at 105 years can be seen in Table 5.5.
The emission from models G1 and L2 is optically thick, particularly for the metastable
transitions 1(1,1)-1(1,0) and 2(2,1)-2(2,0). The emission from model S2 is optically
thin for some transitions, although the 1(1,1)-1(1,0) and 2(2,1)-2(2,0) transitions are
optically thick. Figure 5.48(f) shows the fractional NH3 abundance in each model at
105 years. The low fractional abundance in model S2 results in the much lower intens-
ities produced by this model. At 105 years, it should be possible to identify hot cores at
lower metallicity from the intensity of the NH3 emission. The emission from all three
models at this time is similarly extended, and much of it comes from the mid-outer
shells of the hot core.
Figures 5.50 and 5.51 show the same inversion transitions for the three models at 106
years. The peak intensities for many of the transitions have decreased. This is caused
by a reduction in the fractional NH3 abundance in the intermediate shells in models
G1 and L2, as seen in Figure 5.50(f). Transitions 4(4,1)-4(4,0) and 5(5,1)-5(5,0) have
consistent, and high, peak intensities for the models at 106 years. These transitions
trace the hottest, densest gas, as shown in Table 5.1. The consistency of these results
can be explained as the temperature profile of the hot core model is the same for G1,
L2, and S2, and it does not change with time. These transitions trace the inner shells of
the hot core. It is not possible to easily distinguish the peak intensities of the different
models from one another. However, these transitions could be used as tracers of hot,
dense gas. The other transitions can be used in a more general result. The intensities
seen are confusing, as for many transitions model S2 has a higher peak intensity than
model L2. This is because these transitions are tracing the outer shells of the hot core,
and as Figure 5.50(f) shows, in the outer shells, model S2 has a higher fractional NH3
abundance than model L2. However, as a general rule, the G1 intensities are much
higher than the sub-Galactic model intensities. Observations of NH3 in an evolved hot
core could thus be used to identify if such regions have sub-Galactic metallicity.
Overall, NH3 is potentially a useful tracer of hot cores. High intensities are seen for
many of the transitions, and so this species could be used to identify hot cores at low or
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high metallicity. At 104 years, the extent and intensity of the emission can be used to
distinguish between the models, and hence the underlying metallicity. The most useful
transition at this time is 3(1,1)-3(1,0). At 105 years, many of the transitions (for ex-
ample, 1(1,1)-1(1,0)) can be used to comparatively estimate the underlying metallicity
of a hot core. The emission from the non-metastable transitions in model S2 is very
low at this time. Such low intensity levels could be used to identify a hot core with very
low metallicity. At 106 years, The inversion transitions can be used to identify whether
a hot core has Galactic or sub-Galactic metallicity. The transitions 4(4,1)-4(4,0) and
5(5,1)-5(5,0) can be used to trace the densest, hottest gas at this time, independently of
the underlying metallicity level.
5.5.7 Summary
Most of the RATRAN-modelled species are optically thick, for all three models at all
three times. This means that the emission is tracing the temperature structure rather
than the fractional abundance of the species. The use of rarer isotopologues would re-
move this problem, and allow the inner regions of extragalactic hot cores to be probed.
However, for this to be possible, accurate values of common isotopic ratios in the
galaxies modelled would need to be determined. For example if the 32S/34S ratio were
known, C34S could be used to model and observe the inner regions of hot cores at vary-
ing metallicity. It would also be useful to know the 14N/15N ratio, so that species such
as HC15N could be modelled. The results obtained often trace gas in the outer hot core
shells. However, it should be noted that more extended emission does not always mean
that a hot core is larger. In the context of these models, extended emission indicates
high fractional abundances in the outer shells of a hot core. These results could be
cautiously used by observers to determine the extent of the outer shells of a hot core.
Many of the results can also be used to comparatively age hot cores, within a group.
For example, if several hot cores were observed in the same region in another galaxy,
the observed intensity of species such as C18O and H13CN could be used to determine
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Figure 5.46: The intensity of some observable inversion transitions of NH3, and the fractional
NH3 abundance, from models G1, L2 and S2 at 104 years.
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Figure 5.47: The intensity of some more observable inversion transitions of NH3, and the
fractional NH3 abundance, from models G1, L2 and S2 at 104 years.
the order of age/evolution of the hot cores.
Table 5.5.7 summarises the RATRAN modelled species, and how useful they are
as metallicity tracers in hot cores.
Species Metallicity Tracer?
13CS Could identify hot cores at very low metallicity at all times examined
C18O Could identify sub-Galactic metallicity at all times, but extent of emission may not indicate size of hot core
H13CN Could identify regions of very low metallicity from 105 years onwards
HN13C 104 years – traces underlying metallicity level
105 years – can identify regions with very low metallicity
106 years – can identify regions with sub-Galactic metallicity
HNCO No observable emission could indicate a young hot core at low metallicity
If observed, emission may not indicate size or metallicity of hot core
NH3 104–105 years – emission could reveal underlying metallicity level of hot core
1e6 years – Could identify regions with sub-Galactic metallicity
Table 5.7: A summary of the RATRAN modelled species, and their ability to trace the under-
lying metallicity of a hot core
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Figure 5.48: The intensity of some observable rotational transitions of NH3, and the fractional
NH3 abundance, from models G1, L2 and S2 at 105 years.
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Figure 5.49: The intensity of some more observable rotational transitions of NH3 from models
G1, L2 and S2 at 105 years.
5.5.8 Feasibility of Extragalactic Hot Core Observations
The intensities and structures predicted in this chapter may not be resolvable in high
redshift galaxies, owing to the great distance between the Earth and such galaxies.
However, in the LMC and SMC the individual hot cores could be resolved using
ALMA. The online ALMA Sensitivity Calculator 1 can be used to estimate whether
a predicted intensity can be observed within other galaxies. For example, the HNC
integrated intensity in the LMC for the J=3–2 transition at 106 years peaks at 80 K km
s−1, as seen in Figure 5.42(b). The LMC is at a distance of roughly 50kpc, and the pre-
dicted structure has a diameter of around 0.12pc. This corresponds to a 0.5 arcsecond
area in the sky. ALMA will be able to resolve an area of 1 arcsecond as standard,
and 0.1 arcsecond resolution should also be easily achieved. The predicted structure
will only fill 1/4 of the beam at 1” resolution. At a line width of 10 km s−1, using 1”
resolution, a 10 sigma detection should be possible within minutes.
Although it will be possible to observe the predicted intensities with ALMA, it will be
more challenging (but not impossible) to resolve the finer structure within a hot cores
– for example, limb brightening effects. With a resolution of 0.1”, it should be possible
1http://www.eso.org/sci/facilities/alma/observing/tools/etc/
278 ASTROCHEMICAL MODELLING OF LOW METALLICITY SFRs
5.5: A COMPARISON OF THE RATRAN OUTPUTS AT VARYING METALLICITY
 0
 20
 40
 60
 80
 100
 120
 140
 160
 180
 0  0.1
In
te
ns
ity
 (K
 km
 s-
1 )
Projected radius (pc)
GNH3 1e6 009
LNH3 1e6 009
SNH3 1e6 009
(a) 1(1,1)–1(1,0)
 0
 20
 40
 60
 80
 100
 120
 140
 160
 0  0.1
In
te
ns
ity
 (K
 km
 s-
1 )
Projected radius (pc)
GNH3 1e6 008
LNH3 1e6 008
SNH3 1e6 008
(b) 2(1,1)–2(1,0)
 0
 20
 40
 60
 80
 100
 120
 140
 160
 0  0.1
In
te
ns
ity
 (K
 km
 s-
1 )
Projected radius (pc)
GNH3 1e6 010
LNH3 1e6 010
SNH3 1e6 010
(c) 2(2,1)–2(2,0)
 0
 20
 40
 60
 80
 100
 120
 0  0.1
In
te
ns
ity
 (K
 km
 s-
1 )
Projected radius (pc)
GNH3 1e6 005
LNH3 1e6 005
SNH3 1e6 005
(d) 3(1,1)–3(1,0)
 0
 20
 40
 60
 80
 100
 120
 140
 0  0.1
In
te
ns
ity
 (K
 km
 s-
1 )
Projected radius (pc)
GNH3 1e6 007
LNH3 1e6 007
SNH3 1e6 007
(e) 3(2,1)–3(2,0)
 1e-12
 1e-11
 1e-10
 1e-09
 1e-08
 1e-07
 1e-06
 1e-05
 1e-04
 0.001  0.01  0.1
Fr
ac
tio
na
l a
bu
nd
an
ce
 (to
 to
tal
 de
ns
ity
)
Radius (pc)
[G1.out.new] NH3 at 1e6 yrs
[lmc2.out.new] NH3 at 1e6 yrs
[smc2.out.new] NH3 at 1e6 yrs
(f) NH3 fractional abundance
Figure 5.50: The intensity of some observable rotational transitions of NH3, and the fractional
NH3 abundance, from models G1, L2 and S2 at 106 years.
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Figure 5.51: The intensity of some more observable rotational transitions of NH3 from models
G1, L2 and S2 at 106 years.
to resolve the structure to some extent.
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6Summary and Conclusions
6.1 Dark Cloud Modelling
In the pseudo-time-dependent gas-phase dark cloud chemical modelling in Chapter 3,
thirty-nine species were considered as possible tracers of the underlying metallicity in
a dark cloud. The results of the analysis are summarised in Tables 6.1 – 6.3. The ma-
jority of the species do not trace the underlying metallicity of the cloud. The complex
interplay between the various reactions in a chemical network creates a chemistry in
which species are highly interdependent, and simple scaling of the fractional abund-
ances with the underlying abundances does not occur. For instance, if the underlying
abundance of nitrogen is halved, the resulting fractional abundance of ammonia is not
automatically halved.
The nitrogen-bearing species are shown in Table 6.1. The most useful species are those
which contain both carbon and nitrogen - namely HCN, HNC, HC3N and CH3CN. Ob-
servations of these species in a dark cloud could allow upper limits for the underlying
metallicity to be estimated, provided the chemistry had not reached steady state (typic-
ally at times >107 years). The combination of both carbon and nitrogen in these species
traces the underlying metallicity in a general sense, but does not trace the underlying
abundance of any particular element. The result is interesting as, of the species ex-
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amined, those which contain either nitrogen or carbon do not trace the underlying
metallicity, in a general or specific sense. The two elements in combination are able
to trace the general metallicity level, as both elements must have a certain abundance
in order to form species such as HCN and HC3N in the quantities produced by the
models. In Section 3.4.3 it was discussed that the species NH3, HCN, HNC, NS, CN,
NH2CN, and CH3CN trace the underlying N/O ratio at steady state. If a dark cloud
were determined to be at chemical equilibrium, observations of these species could
perhaps be used to estimate the underlying N/O ratio in the cloud. However, it is un-
likely that a dark cloud would reach a gas-phase chemical equilibrium similar to that
seen in the model, in the presence of dust grains. Depletion of gas-phase species onto
the dust grain surfaces would occur before a steady state chemistry could be reached.
None of the hydrocarbon species examined are useful metallicity tracers. This is
Species Early-time tracer? Steady state tracer?
NH3 No No
HCN Yes – provides lower limit No
HNC Yes – provides lower limit No
HC3N Yes – provides lower limit No – low abundance
NS No No
NO No No
CN No No
NH2CN No No
CH2NH No No
CH3CN Yes – provides lower limit No
N2H+ No Possibly
Table 6.1: A summary of the observed extragalactic nitrogen-bearing species and their poten-
tial as metallicity tracers.
because the carbon in the model becomes locked up in the stable CO molecule in in-
creasing amounts, with increasing time. The hydrocarbons form at early time, and peak
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in abundance between 103 and 106 years. These species are then destroyed, and the
freed carbon goes on to form CO. Similar fractional abundances of each hydrocarbon
form in each model, regardless of the underlying metallicity. At early time and steady
state, the fractional abundances of the hydrocarbons in each model do not reflect the
underlying metallicity of the cloud.
The oxygen-bearing species are shown in Table 6.2. Many of these species do not
trace the underlying metallicity. CO+ and HCO could potentially trace the underly-
ing metallicity at steady state, but the low fractional abundances seen make this an
unlikely eventuality. H2CO inversely traces the underlying metallicity at steady state.
If an observation showed H2CO to be abundant in a dark cloud, this could indicate a
low underlying metallicity. H2O traces the underlying metallicity at steady state. H2O
is highly abundant in the Galactic, LMC and SMC models, and could potentially be
observed. OH is the most useful oxygen-bearing metallicity tracer. It inversely traces
the underlying metallicity of a dark cloud from 3×105 years onwards. Observations of
this species could be used to estimate a range of values for the underlying metallicity
of a dark cloud.
The sulphur-bearing species are shown in Table 6.3. All of the species shown trace
Species Early-time tracer? Steady state tracer?
H2O No Yes
H3O+ No No
CO+ No No – low abundance
H2CO No Yes – could provide lower limit
HOC+ No No
CH3OH No No
HCO Possibly No – low abundance
HCO+ No No
OH No Yes
Table 6.2: A summary of the oxygen-bearing species and their potential as metallicity tracers.
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the underlying metallicity of the cloud at steady-state. However, H2S, C2S and H2CS
all have low steady-state fractional abundances (in the range 10−12–10−10), and so it
may not be possible to observe these species in extragalactic dark clouds. OCS ap-
pears to be the best metallicity tracer amongst the sulphur-bearing species. It reaches
steady-state chemistry before the other sulphur-bearing species. The fractional OCS
abundances are reasonably high in each model, and the values from the different mod-
els can easily be distinguished from one another at steady state.
The best metallicity tracers in the dark cloud models are ratios of various species to
Species Early-time tracer? Steady state tracer?
SO No Yes
SO2 No Yes
CS No Yes
H2S No Possibly – low abundance
C2S No No – low abundance
H2CS No Possibly – low abundance
OCS No Yes
Table 6.3: A summary of the sulphur-bearing species and their potential as metallicity tracers.
CO. Table 6.4 lists the species, and which aspect of metallicity they are able to trace.
The HCO+/CO ratio can be used to trace the underlying heavy metal abundance from
105 years onwards. This complements the work done by Caselli et al. (1998), who
constructed a formula to determine the underlying heavy metal abundance from this
ratio, at steady-state. The CO/H3O+ and OH/CO ratios can be used to estimate the un-
derlying carbon abundance of a dark cloud, from 3×104 years and 105 years onwards
respectively. The CO/H3O+ ratio is more useful than the OH/CO ratio, as it is valid
from an earlier time point in the chemical ago of the dark cloud in question. If obser-
vations of the same cloud were made at different frequencies, both ratios could be used
to provide an estimated range for the underlying carbon abundance of the cloud.
Table 6.5 shows some inferences which could be made using observations of a dark
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Species Metallicity tracer?
HCO+/CO Traces underlying heavy metal abundance from 105 years onwards
CO/H3O+ Constrains range for underlying carbon abundance from 3×104 years onwards
OH/CO Constrains range for underlying carbon abundance from 105 years onwards
Table 6.4: A summary of some ratios of species and their potential as metallicity tracers.
cloud in the Milky Way or another galaxy.
Overall, the dark cloud models allow the identification of several useful metallicity
Species Observed fractional
abundance or ratio
Inference
HCN 10−8 Metallicity ≥ model DC3
OH 2×10−7 Metallicity ≥ model S
OCS 4×10−10 If cloud is at steady state – metallicity
similar to model LMC
HCO+/CO 3×10−4 If cloud age >105 years – M abundance
in range (2.73–4.34)×10−10
CO/H3O+ 8000 If cloud age > 3×105 years – un-
derlying C abundance in range (2.62–
2.69)×10−5
OH/CO 4000 If cloud age >106 years – underlying C
abundance in range (1.1–1.2)×10−4
Table 6.5: Some example inferences which could be made from dark cloud observations
tracer species, and many more species which are not useful in this capacity. Species
which are not useful metallicity tracers can be used in other ways, such as tracing the
location/extent or the chemical age of dark clouds. The species which appear to trace
the underlying metallicity at steady state may not be useful in practice, as dark clouds
may not reach a gas-phase chemical equilibrium in the same way the chemical models
do, owing to the depletion of gas-phase species onto dust grain surfaces. Ratios such
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Figure 6.1: The NH3/C+ and NH3/CH+ ratios in models G, L and S. These ratios appear to
be largely independent of underlying metallicity. If observed, these ratios could be used to
estimate the age of a dark cloud.
as NH3/CH+ and NH3/C+ can be used to estimate the chemical age of a dark cloud,
regardless of the underlying metallicity, as seen in Figures 6.1(a) and 6.1(b) respect-
ively. If these ratios can be determined for a cloud, it may be possible to estimate the
cloud age, and thus more accurately use the metallicity tracer species to determine the
underlying metallicity of the cloud.
6.2 Hot Core Modelling
Chapter 4 described the use of a two-phase gas-grain chemical hot core model, which
was used in an attempt to identify potential metallicity tracer species in hot cores. Table
6.6 summarises the species analysed, and their potential as hot core metallicity tracers.
CO was the least useful species examined – this molecule does not appear to trace
the underlying metallicity of a hot core. HCO+ was also not a very useful metallicity
tracer. The majority of the HCO+ gas exists in the cooler, less dense gas in the outer
parts of the hot core. This species could inversely trace the underlying metallicity to
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some degree, but only in the gas in the outer shells of the hot core. It could be argued
that these shells are less important/interesting than the inner shells, which are closer to
the protostar.
HCN is able to trace a lower limit for the N/C ratio at 104 years. At times beyond 105
years, this species traces the general underlying metallicity of the hot core. HNC is
preferable to HCN as a metallicity tracer, as it is useful from 104 years onwards. HNC
traces the underlying metallicity of the hot core, rather than the dust/gas ratio. HNC is
a useful metallicity tracer, as the fractional abundances seen are fairly constant across
the hot core in each model, and the fractional abundances in each model are easily
distinguished from one another.
The fractional HNCO abundance in a hot core could be used to identify whether the
region existed at Galactic or sub-Galactic metallicity, at times up to 105 years. CH3OH
could also be used to determine if a hot core existed at Galactic or sub-Galactic metal-
licity, at 105 years.
The fractional HC3N abundance could be used to estimate the dust/gas ratio in a hot
core at 104 years, or to estimate the underlying metallicity at 106 years. HC3N can only
be used as a metallicity tracer if the age of the hot core can be relatively accurately de-
termined. The fractional CS abundance from the inner regions of the hot core can be
used to determine if the dust/gas ratio is Galactic or sub-Galactic. For this result to
be useful, the CS emission would have to be optically thin, in order that the gas from
the most central regions of the hot core could be observed. This may be possible if
observing an isotopologue, such as C34S. C32S is likely to optically thick at all of the
metallicities modelled, as this species is highly abundant in the hot core models.
The fractional NH3 abundance traces the underlying nitrogen abundance in the higher
metallicity models (G1 and L2) up to 105 years. The low NH3 fractional abundances
seen in the S2 model reveal the low dust/gas ratio in this model. Low fractional NH3
abundances can be used to infer a low dust/gas ratio at 104, 105 and 106 years. The
relationship between the NH3 abundance and the underlying nitrogen, at early times,
in the G1 and L2 models appears to be very precise. However, it is possible that the
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modelling of the grain-surface NH3 formation is somewhat over-simplified. The grain
surface model results in 80% of the adsorbed nitrogen atoms becoming fully hydro-
genated, forming NH3. This may not be the case in reality, as the material which exists
in a core prior to collapse is likely to have been processed in the gas-phase, and the
majority of the nitrogen may not initially exist as atomic nitrogen.
Many of the species are most useful as metallicity tracers when the chemical age of
the hot core is accurately known. Several authors have discussed how the chemical
age of a hot core could be determined. Charnley (1997) originally suggested the idea
of using ratios of sulphur-bearing species as ‘chemical clocks’ (namely, SO/H2S and
SO/SO2) in order to determine the age of a hot core. Wakelam et al. (2004) further
analysed the sulphur chemistry in hot core chemical models, and concluded that the
use of sulphur-bearing species as chemical clocks was not straightforward.
Rodgers & Charnley (2001) argued that the NH3/CH3OH ratio could be used to estim-
ate the chemical age of a hot core under specific circumstances, but this ratio is also
sensitive to the hot core temperature, and grain mantle composition. For these reasons,
this species is not a useful tracer of the hot core age.
Chapman et al. (2009) found that the fractional abundances of the larger cyanopolyynes
(e.g. HC5N, HC7N) peaked in their hot core model at ∼104.5 years. The cyanopolyynes
were found to be rapidly destroyed by 105.5 years. The observation of these species in
a hot core could therefore be used to constrain the chemical age of the hot core.
If a reliable ‘chemical clock’ can be identified for hot cores (independent of the un-
derlying metallicity), observations of the hot core metallicity tracer species discussed
in Chapter 4 will be much easier to interpret. Of the species examined, HNC and
NH3 are the most useful metallicity tracers in a hot core of indeterminate age. Table
6.7 gives some example inferences which could be deduced from the listed fractional
abundances, if observed.
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Species Potential metallicity tracer?
CO Probably not – similar abundances in models G1, L2, S2
HCO+ Possible inverse tracer – could trace cooler, less dense gas in outer shells
HCN Yes – traces lower limit for N/C ratio at 104 years. After this, traces metallicity generally
HNC Yes – traces underlying elemental abundances, not dust/gas. Most useful before 106 years
HNCO Possibly – could identify Galactic or sub-Galactic metallicity up to 105 years
HC3N Possibly – if hot core age accurately known, could trace dust/gas at 104 years or elemental abundances at 106 years
CH3OH Possibly – if hot core age is 105 years, could identify Galactic or sub-Galactic metallicity
CS Possibly – inner region observations can determine if dust/gas ratio is Galactic or sub-Galactic
NH3 Yes – traces underlying N abundance in more metallic models at 104 and 105 years. Reveals low dust/gas ratio in very low metallicity model, at all times.
Table 6.6: Possible metallicity tracers in the Multidepth hot core model
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Species Observed fractional abundance Inference
HCN 7×10−7 At 104 years – an N/C ratio ∼0.57
HNC 5×10−8 At 104 or 105 years – an L2 model type metallicity
HNCO 1×10−12 At 104 or 105 years – sub-Galactic metallicity
CH3OH 2×10−6 At 10
5 years – metallicity ≥ L2 model
NH3 6×10−4 At 10
4
or 105 years – a G1 model type metallicity
Table 6.7: Some example inferences which could be made from hot core observations
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6.3: RATRAN MODELLING OF HOT CORES
6.3 RATRAN Modelling of Hot Cores
The RATRAN results model the integrated intensities which could be observed from
hot cores with varying underlying metallicity (as modelled in this thesis). The species
and transitions chosen for modelling are thought to be abundant, and observable in hot
cores. 12C/13C and 16O/18O ratios were used in order to deplete the hot core fractional
abundances, so that the RATRAN modelled results were not too optically thick. The
ratios used have a profound effect on the results – for example, the fractional CO
abundance in model L2 is higher than that in G1 at 104 years, as seen in Figure 4.20(a).
However, a higher 12C/13C ratio was assumed for the LMC compared with the Galactic
value – this led to lower predicted peak intensities of C18O at 104 years in model L2
than in model G1, as seen in Figure 5.34. Figure 5.34 also shows that large regions of
extended emission do not necessarily indicate large regions of extended density. The
C18O emission is more extended for model L2 than model G1. However, this does not
indicate that the hot core itself is larger/more extended. The hot core model in both
cases is exactly the same size, and has the same density and temperature profiles. The
more extended emission in model L2 is caused by the fractional CO abundance only.
Table 6.8 summarises the species modelled using RATRAN, and their ability to trace
the underlying metallicity of a hot core. The most useful metallicity tracer species
are HN13C and NH3. These species could both be used to identify regions with very
low underlying metallicity. If the age of the hot core could be constrained, all of the
species could be used to estimate the underlying metallicity much more accurately.
Isotopomers such as 15NH3 are likely to be optically thin when observed in hot cores.
Estimates of the 14N/15N ratio in the LMC and SMC would allow 15NH3 to be modelled
using RATRAN. Optically thin species such as 15NH3 could be used to probe the hot,
dense, inner shells of the hot cores.
Table 6.9 lists some example integrated intensities for some of the species modelled,
along with the inferences which could be made if these values were observed.
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Species Metallicity Tracer?
13CS Could identify hot cores at very low metallicity at all times examined
C18O Could identify sub-Galactic metallicity at all times, but extent of emission may not indicate size of hot core
H13CN Could identify regions of very low metallicity from 105 years onwards
HN13C 104 years – traces underlying metallicity level
105 years – can identify regions with very low metallicity
106 years – can identify regions with sub-Galactic metallicity
HNCO If no emission is observed this could indicate a young hot core at low metallicity
If observed, emission may not indicate size or metallicity of hot core
NH3 104–105 years – emission could reveal underlying metallicity level of hot core
106 years – Could identify regions with sub-Galactic metallicity
Table 6.8: A summary of the RATRAN modelled species, and their ability to trace the underlying metallicity of a hot core
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Species Observed intensity Inference
13CS More extended emission in LMC/SMC than Milky Way 13CS could be tracing outer shells of gas. Use C34S to investigate further
At 105 years, J=1-0 intensity < 2 Kkms−1 Underlying metallicity is similar to model S2
C18O More extended emission in LMC/SMC than Milky Way C18O could be tracing outer shells of gas. Use 13C18O to investigate further
H13CN At times ≥ 105 years, J=1-0 intensity in range 130–140 Kkms−1 G1 type metallicity
At times ≥ 105 years, J=1-0 intensity in range 95–125 Kkms−1 LMC type metallicity
At times ≥ 105 years, J=1-0 intensity in range 10–45 Kkms−1 Low metallicity, possibly similar to SMC model
HN13C At 104-106 years, intensity > 125 Kkms−1 for J=1-0, J=3-2 or J=4-3 G1 type metallicity
At 104-105 years, intensity < 50 Kkms−1 for J=1-0 S2 type metallicity
At 106 years, intensity < 120 Kkms−1 for J=1-0,J=3-2 or J=4-3 Sub-Galactic metallicity
HNCO At 104-105 years, intensity < 5 Kkms−1 for 4(0,4)-3(0,3) Sub-Galactic metallicity
NH3 At 105 years, intensity < 100 Kkms−1 for 1(1,1)-1(1,0) or 2(2,1)-2(2,0) S2 type metallicity
At 106 years, peak intensity > 120 Kkms−1 for 3(1,1)-3(1,0) G1 type metallicity
At 106 years, peak intensity < 20 Kkms−1 for 3(1,1)-3(1,0) Sub-Galactic metallicity
Table 6.9: Some example inferences which could be made from observations of various transition intensities in hot cores
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6.4 Future Work
Throughout this thesis, an emphasis has been made on producing observable model
outputs. The species discussed as metallicity tracers in Chapters 3 and 4 have all been
observed in extragalactic regions1. The particular transitions of the species modelled
using RATRAN in Chapter 5 have all been observed in hot cores (e.g. Olmi et al.
2003; Johnstone et al. 2003; Bayet et al. 2009). It should therefore be possible to test
the predictions made in this thesis, through the observation of star-forming regions in
the Milky Way and the Magellanic Clouds.
Hot core models could be built to include less common isotopes, such as 13C and 15N.
These models could be used to produce fractional abundances of isotopomers such as
15NH3 and HN13C. The less abundant isotopomers are more likely to be optically thin
than their more common counterparts (e.g. HN13C is less common than HNC). If more
fully modelled, these isotopomers could be used to probe the inner regions of hot cores
in the Milky Way, and other galaxies. However, credible hot core models would only
be possible for galaxies in which ratios such as 14N/15N can be estimated, to a reason-
able degree of accuracy.
The RATRAN results presented here are not convolved with telescope beams. This
could be done for sub-mm/mm telescopes (e.g. JCMT) which are able to observe
the modelled species in hot cores, at mm and sub-mm wavelengths. The model res-
ults could then be more directly compared with observations of suitable regions in the
Milky Way, the LMC and the SMC.
In reality, hot cores and dark clouds do not exist in isolation. They are component
parts of larger star-forming regions, which comprise of many parts, including photon-
dominated regions (henceforth PDRs), dark clouds, hot cores and HII regions. An
ensemble-model of a star-forming region could be made. This would include pro-
portional representation of fractional abundances taken from PDR, hot core and dark
cloud models. Ensemble-models could be run with varying underlying metallicities.
1www.astro.uni-koeln.de/site/vorhersagen/molecules/extragalactic
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The resulting fractional abundances could be used to identify which species and ratios
could be used as metallicity tracers in star-forming regions in other galaxies. Different
species are likely to predominantly exist in certain regions within the ensemble-model
– these species could be used to trace the type of gas in which the emission originates.
For example, HCO+ is likely to be more typically observed in a PDR than a hot core.
It is thought that HCN/HCO+ emission ratio can be used to differentiate between star-
burst and AGN galaxies. HCO+ is thought to be more abundant than HCN in starburst
galaxies (Krips et al. 2006;Wang et al. 2004) whereas HCN is thought to be more
abundant in galaxies with an AGN (Imanishi et al. 2007;Kohno et al. 2008). Observa-
tions of the HCN/HCO+ ratio, or the fractional abundances of these species, could be
used in conjunction with the hot core models to further explore the validity of using
these species as identifiers of galaxy type.
The wider motivation behind this work is a desire to increase understanding of how
individual star forming regions have evolved, and influenced galaxies, over cosmolo-
gical timescales. New telescopes, such as ALMA, will allow radiation from distant
galaxies to be resolved at a higher level of detail than is currently possible. Comparis-
ons of the results presented in this thesis with ALMA observations of the Milky Way,
LMC and SMC could be made. It is hoped that these model results will aid observ-
ers’ understanding of star-forming regions at low metallicity, and help to interpret their
results.
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